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Zusammenfassung
Ein grosser Teil der Prothesen-Forschung hat zum Ziel, auf effiziente Weise die Akzeptanz der
Prothesen beim Anwender zu erhöhen. Die Forschung zielt dabei oft nicht kollektiv auf Faktoren
und deren Abhängigkeiten untereinander ab, welche relevant für die Akzeptanz der Prothese
sind. In dieser Arbeit werden daher diese Faktoren untersucht. Es wird gezeigt, dass durch
kollektive Betrachtung dieser Faktoren neuartige Lösungen auftreten, bei denen sich diese Fak-
toren ausgleichen und dadurch die Akzeptanz erhöhen.
In diesem Sinne werden die Abhängigkeiten zwischen den, gemäss Literatur, wichtigsten Fak-
toren (1) Gewicht, (2) Autonomie, (3) Kraft, (4) Greif-Komplexität und (5) Einfachheit der Steuerung un-
tersucht. Dies wird durch zwei grosse Fallstudien erreicht: Durch Ausnutzung biomechanischer
Eigenschaften der menschlichen Hand, mit Hilfe dies Konzeptes von "morphological computation",
und durch Verfolgung eines "cheap design"-Ansatzes in Bezug auf Mensch-Maschine-Schnittstellen
(human-machine interfaces, HMIs) für Prothesen. In dieser Arbeit werden zudem Konzepte iden-
tifiziert und Entwurfs-Richtlinien vorgeschlagen, welche für zukünftige Forschung im Bereich
von Roboter-Prothesen für obere Extremitäten von Nutzen sein könnten.
In Anlehnung an das Sehnen-System der menschlichen Hand werden die Effekte von Reibung
in Sehnen und Umlenkrollen in einem mechanischen Modell untersucht und es wird gezeigt, wie
Reibung in einem sehnen-getriebenen Roboter-System von grossem Nutzen sein kann, indem die
Prothese in exzentrischer Konfiguration viel Kraft aufwenden kann, ohne viel Gewicht zu haben.
Ein adaptives Umlenkrollen-System wird vorgeführt, mit dessen Hilfe ein variabler Reibungsko-
effizient in Abhängigkeit der externen Last erreicht wird. Dieses System reduziert das Gewicht der
Prothese weiter, ohne die Einfachheit der Steuerung zu beeinträchtigen. Ausserdem wird gezeigt,
wie durch Betrachtung von alltäglichen Aktivitäten, der Arbeitsraum eines Roboter-Daumens auf
bis zu 76% des Maximal-Volumen reduziert werden kann, wodurch das Gewicht weiter reduziert
wird. Alle hier aufgeführten Reduktionen des Gewichtes sind neuartig, denn sie schränken die
durch die Prothese ausgeübte Kraft sowie deren Geschwindigkeit und Greif-Komplexität nicht ein.
Diese Gewichts-Reduktion ohne Beeinträchtigung anderer Faktoren wäre ohne die Betrachtung
der Akzeptanz der Prothese nicht möglich gewesen.
In dieser Arbeit werden HMIs diskutiert, welche die Einfachheit der Steuerung und die Greif-
Komplexität von Roboter-Prothesen verbessern. Die Brauchbarkeit einer Methode basierend auf
Oberflächen-Elektromyografie (sEMG) zur Prothesen-Steuerung und einer nicht rechenintensiven
Methode basierend auf Dynamic Time Warping (DTW) zur Erkennung von Gesten werden un-
tersucht. Auf diesen Resultaten aufbauend wird ein Hybrid-System mit sEMG und Gesten-
Erkennung aufgebaut, bei dem Gesten genutzt werden, um verschieden Greif-Arten oder Metho-
den zur Kontrolle der Prothese zu erkennen. Die Prothese selbst wird danach im entsprechenden
Modus mit einem einzigen sEMG-Sensor proportional gesteuert. Dieses System ist robust, läuft
in Echtzeit mit sehr wenig Rechenaufwand und ein Training ist kaum notwendig. Es verbessert
daher die Einfachheit der Steuerung und erlaubt das Nutzen von vielen verschiedenen Greif-Arten,
was die Greif-Komplexität verbessert.
vi
In dieser Arbeit wird gezeigt, dass durch kollektive Betrachtung von Akzeptanz-Faktoren
beim Entwurf und Entwicklung von Roboter-Prothesen für obere Extremitäten, und durch An-
wendung der Konzepte "morphological control" und "cheap design" neuartige Lösungen zu Tage
treten. Dabei wirkt sich die Verbesserung einiger der genannten Faktoren nicht negative auf an-
dere aus. Diese Arbeit dient als Pilot-Studie zum Entwurf und Bau von Roboter-Prothesen und
sehnen-getriebenen Roboter-Systemen unter Berücksichtigung der Akzeptanz des Anwenders.
Abstract
The main volume of prosthetics research aims towards efficient ways of increasing device accep-
tance by amputees. However, an important detail overlooked is that the research field does not
collectively target factors relevant to device acceptance and the trade-offs between them. To ad-
dress this issue, we focus on identifying these factors. We showcase that by considering them
collectively, novel solutions can emerge, circumventing the trade-offs between them and mini-
mizing their effects.
In this light, we collectively address the trade-offs between device (1) weight, (2) autonomy, (3)
force output, (4) grasp complexity and (5) control ease; the most important factors as identified in liter-
ature. We do this by performing two large-scale case studies: exploiting biomechanical properties
of the human hand through the concept of "morphological computation" and by following a "cheap
design" approach towards human-machine interfaces (HMIs) for prosthetic devices. Furthermore,
through this work, we identify concepts and suggest design guidelines that can be of benefit to
future upper-limb robotic prosthetic research.
Looking at the tendon system of the human hand, we modeled the effects of tendon-pulley
friction and showed that friction can be of great benefit in tendon-driven robotic systems, in-
creasing force output for eccentric configurations while not impeding device weight. Additionally,
we presented an adaptive pulley system that displays friction switching at particular external
loading thresholds and can reduce total device weight while not impeding device control ease. Fur-
thermore, we showed that by considering relevant ADLs for daily living activities, we can reduce
the workspace volume of a robotic thumb up to 76% of the maximum thumb volume, further
reducing device weight. All of the weight reductions proposed using the above methods are novel
in the sense that they do not impede on either force output, speed or grasp complexity; this would
not have been made possible without the acceptance-oriented approach taken during this work.
Investigating HMIs that improve control ease and grasp complexity of a robotic prosthesis, we
first examined the viability of proportional sEMG control. Secondly, we investigated the viability
of a computationally cheap gesture recognition algorithm, Dynamic Time Warping (DTW), for
classifying a library of user gestures. Based on our results, we have constructed a hybrid sEMG-
IMU system where gestures are used to identify a particular grasp class or prosthesis control
method. This is then proportionally controlled using a single sEMG sensor. This system is robust,
runs in real-time using minimal computational power and requires no significant training. As
such, it improves device control ease, while at the same time allows for a multitude of grasps and
control methods to be selected, improving grasp complexity.
Through this work, we showcased that by collectively considering functional factors for the
design and development of upper-limb robotic prostheses, and by utilizing the concepts of "mor-
phological computation" and "cheap design", novel solutions can emerge that improve upon these
factors without negatively affecting or introducing additional trade-offs. Ultimately, this work
serves as a pilot study into the design and construction of robotic prostheses and tendon-driven
robotic systems while employing an acceptance-oriented approach.
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Chapter 1
Introduction
“I Wanna Hold Your Hand” - The Beatles
The above quote, in five words, is enough to summarize the importance of the human hand.
All human experience is enveloped by a skilful and silent involvement of our hands; they are vital
in defining who we are and what we can achieve, yet we rarely consider how depended upon
them we really are. The human hand is one of the most complex structures in the body, capable
of a wide variety of functions: from climbing a tree, hammering a nail or playing the piano to
using them while talking to express ourselves or caressing a loved one to display affection and
intimacy.
Hands are the primary extremities for physically manipulating the environment, used for
both gross motor skills and fine manipulation. In addition, with the fingertips being the dens-
est areas of nerve endings on the entire body, the hand is an integral part of the somatosensory
cortex [Mackenzie and Iberall, 1994], with large regions of the brain devoted to it. It is not only
used for physical movements but also intimately tied to both psychological and social roles, from
sensing to gestures and communication [Freeland and Psonak, 2007].
This is why upper-limb amputation is an extremely debilitating condition. It is most often
a direct result of, or a medical necessity as a response to, severe trauma but can also be due to
congenital causes. Traumatic amputation accounts for a substantial number of limb-loss cases,
and is most frequently encountered in occupational accidents, especially in the industrial and
agricultural sectors [Boyle et al., 2000]. Non-occupational traumatic amputations are observed
most commonly in motor vehicle accidents [Conn et al., 2005].
Although it is not prevalent, with upper-limb amputations ranging between 3-17% [Datta and
Ibbotson, 1991, Jones, 1996, Leonard et al., 1989] of all major limb amputations, the consequences
of the loss of the function of the upper limb on the individual are considered far greater, as it
causes a sudden and dramatic reduction in the ability of the affected person to perform certain
Activities of Daily Living (ADLs) 1, to sense and interact with their surroundings, and causes a
major change to their cosmetic appearance [Roeschlein and Domholdt, 1989, Beasley, 1981].
It is thus natural that the majority of upper-limb amputees seek to compensate for the limb
loss, and restore as much as possible from the original functionality by using a prosthesis. Upper-
limb prostheses fall under two types, passive, or cosmetic prostheses and active prostheses, each
with their characteristic advantages and limitations. Cosmetic prostheses are inert; these cannot
be actively actuated and are primarily worn to restore cosmetic functionality. In contrast, active
prostheses feature at least one active degree of freedom and are further categorized by their means
1ADLs are defined as "the activities usually performed in the course of a normal day in a person’s life, such as eating,
toileting, dressing, bathing, or brushing the teeth. The ability to perform ADLs may be compromised by a variety of
causes, including chronic illnesses and accidents. The limitation may be temporary or permanent; rehabilitation may
involve relearning the skills or learning new ways to accomplish ADLs ." [Mosby, 2008]
2 Chapter 1. Introduction
of actuation, body powered or externally powered. The majority of externally powered prostheses
are myoelectrically operated with surface electromyographic (sEMG) sensors used to control the
electrically-actuated prosthesis [Castellini and Der Smagt, 2009].
A significant research focus is being placed on creating upper-limb prostheses able to approx-
imate the natural system and restore as much of the functionality of the human hand as possible.
In this light, the robotic prosthetic research field is continuously marking progress towards func-
tional hand replacements for amputees. The last twenty five years have seen upper-limb pros-
thetic research closely satisfying requirements pervasive in the field such as manipulation dex-
terity, sensory feedback and anthropomorphism. Meeting these requirements is imperative for
creating a functional, dexterous neuro-prosthesis. Increased manipulation dexterity is necessary
for effortlessly performing ADLs. Incorporation of rich sensory modalities, both exteroceptive
and proprioceptive, is needed to provide the user with sensory feedback from the interaction of
the prosthesis with the environment [Arieta et al., 2008]. Anthropomorphism serves an impor-
tant role in prosthesis acceptance [Kyberd et al., 2007], lack of which negatively influences the
perception of a prosthesis, both personally and socially.
It is due to such advancements that robotic prosthetic hand prototypes are close to approx-
imating the physiological performance of the human hand [Balasubramanian and Matsuoka,
2008]. Despite such progress attained however, approximately 20-40% of users of such robotic
(usually myoelectric) prostheses still reject them [Millstein et al., 1986, Silcox et al., 1993, Bid-
diss and Chau, 2007a]. Related literature indicates numerous factors that influence prosthesis
acceptance. They range from the age of amputation, education and subjective expectations of a
prosthesis to device weight and dexterity.
While most of these are difficult to influence in the context of robotics research, some are di-
rectly related such as prosthesis force output and weight. However, current robotic prosthetic
research falls short by considering the design and improvement of a robotic prosthesis to be a
purely engineering problem. From an engineering viewpoint, related factors (e.g. force output,
actuation speed, number of achievable grasps) are generally treated individually, with the re-
mainder of the factors assumed. Resultant systems might perform superior to the factor treated,
however fall short on others; as these are irrelevant. As an example, to improve grasp complexity,
potential solutions would involve a multiplicity of actuators and sensors, and computationally
expensive pattern-recognition algorithms. With other factors assumed to be satisfied, e.g. de-
vice weight and autonomy, these solutions would seem to satisfy the original problem. However,
transferring such a solution to the users, automatically imposes multiple requirements on weight,
autonomy and cost, essentially making the proposed solution difficult, even potentially impossible
to transfer.
The best illustration of the problematic effects of this approach can be readily observed during
the technology transfer from research to industry. Even though current sEMG human-machine in-
terfaces (HMIs) can guarantee reliable classification of up to six classes [Cipriani et al., 2008], most
commercially available hand prostheses have not significantly evolved over the past 40 years.
They usually approximate a simple pincer mechanism, with only one or two active Degrees of
Freedom (DOFs), resulting in poor manipulation dexterity. Even the recently commercialized
multi-fingered I-Limb prosthesis [Touch EMAS Ltd., ] is treating all actuators as a single active
DOF, with a traditional sEMG scheme where all fingers open and close simultaneously.
Treating robotic upper-limb prostheses as a conventional engineering problem is clearly not
sufficient. We argue that performance-driven research should instead shift towards an acceptance-
oriented approach. Factors that influence acceptance should be identified; in particular, the ones
that can be directly improved by robotics research. Only recently some of these factors have
been categorised in relation to the performance of robotic prostheses [Belter and Dollar, 2011] and
some of the trade-offs between them identified. However, whereas a classical engineering ap-
proach would argue that the design of a robotic prosthesis is a choice between trade-offs [Belter
3and Dollar, 2011], we argue that focus should be placed not on factors individually, but on at-
tempting to improve the trade-offs between them collectively. In turn, this would help maximize
the likelihood that robotic prostheses created can be transferable and beneficial in the real world,
improving the lives of their users.
In this light, to assist upper-limb amputees in their journey towards substituting as much of
their lost functionality as possible, it is imperative to improve upon upper-limb prosthesis accep-
tance. However, acceptance itself is a difficult term to quantify in a concrete manner. Disregard-
ing the vague meaning of the term itself, pursuing studies that focus on acceptance would require
many years, possibly decades to produce sufficient results towards a hypothesis. Due to this, an
acceptance improvement cycle, that would consist of generating hypotheses, experimentally ver-
ifying their viability towards improving acceptance and improving upon them or formulating
new ones is beyond the scope of a PhD thesis.
Instead, this thesis is centred around (1) identifying factors of prosthesis acceptance and show-
casing that the trade-offs between them can be circumvented/avoided and their effects mini-
mized, by considering factors collectively. As such, we collectively address the trade-offs between
device weight, autonomy, force output, grasp complexity and control ease; the most commonly referred
to and important factors as identified in literature. This is done by performing two large-scale case
studies, (1) exploiting biomechanical properties of the human hand through the concept of "mor-
phological computation" [Pfeifer et al., 2007] and by (2) following a "cheap design" approach [Pfeifer
and Scheier, 1999] towards human-machine interfaces (HMIs) for prosthetic devices. Further-
more, through this work, we identify concepts and suggest design guidelines that can be of ben-
efit to future upper-limb robotic prosthetic research.
This thesis is structured as a collection of papers; the main results and achievements are sum-
marized in their respective chapters, while technical and mathematical details are discussed in
the attached papers. The thesis organization is as follows.
Chapter 2 begins with a brief background of upper-limb prostheses and with a summary of
rejection rates in the past 40 years. To identify the relevant-to-robotics, functional factors of pros-
thesis acceptance, we then perform a critical survey of the literature. In this survey, we identify
the factors and their importance, provide a taxonomy of the functional factors that are directly
related to robotic prostheses and present the trade-offs between them. Finally, we reason about
placing focus on collectively improving the functional factors that carry increased impact: device
(1) weight, (2) autonomy, (3) force output, (4) grasp complexity and (5) control ease through the two
follow-up case studies.
Chapter 3 summarizes the main contributions of this thesis.
Chapter 4 describes the improvements of device weight, dexterity and autonomy collectively, by
studying the morphology and biomechanics of the human hand, and exploiting principles [Pfeifer
et al., 2007] that underlie its functions for the design of robotic hand prostheses. To this end, we
first perform a scaling study that verifies a trade-off between actuator weight and force output.
Based on these results, we investigate the tendon-pulley system of the human finger and find
that friction has a significantly beneficial role in force output, weight and autonomy but negatively
influences device ease of use. To address this issue, we construct an adaptive pulley system that
allows tendon-pulley friction to benefit the above factors while simultaneously not impeding
device ease of use. Furthermore, we investigate the kinematic workspace volume of the human
thumb and find that by appropriately selecting grasps relevant to ADLs, the (now functional)
workspace volume can be greatly reduced, in turn positively influencing all above factors without
introducing any trade-offs.
Chapter 5 begins by providing a critical view on existing human-machine interfaces (HMIs).
It argues that we can collectively impact upon device dexterity and ease of use by adapting robotics
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control and classification approaches for use in upper-limb prosthetics using the principle of
"‘cheap design"’ [Pfeifer and Scheier, 1999]. As such, in the second case-study we first develop a
gaming platform and use it to validate, via a racing game, the performance of proportional sEMG
control over a standard game interface, the keyboard. Furthermore, we employ a recently resur-
faced algorithm, dynamic time warping (DTW) to test the viability of IMU-based (accelerometer
and gyroscope, separately) gesture recognition in the context of upper-limb prosthetics. Based
on results from both studies, we describe the implementation of a hybrid sEMG-IMU system that
improves device ease of use from a control aspect, while at the same time allowing for a multitude
of grasps and control methods to be selected, improving device dexterity.
Chapter 6 summarizes and discusses the results obtained in the context of this thesis and
outlines open issues and future research directions.
Chapter 7 provides concluding remarks.
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Chapter 2
Upper-limb prostheses, acceptance,
and acceptance factors
“For after all, the best thing one can do when it is raining is let it rain.”
- Henry Wadsworth Longfellow
The human hand is one of the most complex structures in the body, used for both gross motor
skills and fine manipulation. It plays an integral role on the somatosensory cortex [Mackenzie
and Iberall, 1994], with large regions of the brain devoted to it. It is not only used for physical
movements but also intimately tied to both psychological and social roles, from sensing to ges-
tures and communication [Freeland and Psonak, 2007]. As a result, the consequences of the loss
of the upper limb on an individual are considered far greater than that of the lower limb, causing
a dramatic reduction in the ability of the affected person to perform ADLs, and to interact with
their surroundings [Roeschlein and Domholdt, 1989, Beasley, 1981].
As such, many upper-extremity amputees seek to compensate for the loss of the limb, or part
thereof, by wearing a prosthesis. There are two types of prosthetic limbs currently available to
hand-amputees: passive, or cosmetic prostheses, and active prostheses, each with its characteris-
tic advantages and limitations. Cosmetic prostheses are inert. They cannot be actively actuated
by the user, and are worn primarily to compensate for the loss of cosmesis associated with the ab-
sence of a limb. Some examples of cosmetic hand prostheses may feature, for example, a spring-
loaded thumb. This constitutes a passive degree of freedom; it can only be actuated by using the
amputee’s other hand [Plettenburg, 2008], and is sometimes fitted to children as an alternative to
a myoelectric prosthesis, whose weight would overwhelm younger users. The passive motions
enables the prosthesis to assist the user in very basic functions, such as holding one’s wallet.
In contrast to passive prostheses, active prostheses feature at least one active degree of free-
dom. Active prostheses are further categorized by their means of actuation, body-powered or
externally-powered. Body-prostheses use direct mechanical force to actuate a joint in the pros-
thetic limb. The force required is transmitted to the prosthesis by a cable which is attached to a
healthy joint or muscle, e.g. by bi-scapula adduction, that is, the rounding of the back and shoul-
ders [Herr et al., 2003]. Body-powered prostheses are usually utilized in less-developed countries
due to the comparatively lower costs to externally-powered prostheses but are also often pre-
ferred due to their reliability and ease of use [Jones, 1996, Leonard et al., 1989, Esquenazi et al.,
1989]. Although commonly-quoted advantages of body-powered prosthetics include the posi-
tional and force feedback at the healthy, driving joint, this is sometimes disputed [Silcox III et al.,
1993]. The majority of externally-powered prostheses are myoelectrically operated, with surface
electromyographic (sEMG) sensors used to control the electrically-actuated prosthesis [Castellini
and Der Smagt, 2009].
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2.1 Upper-limb prosthesis acceptance
The robotic prosthetic research field is continuously marking progress towards functional hand
replacements for amputees, able to approximate the natural system by satisfying requirements
pervasive in the field such as manipulation dexterity, sensory feedback and anthropomorphism [Bal-
asubramanian and Matsuoka, 2008]. As a result, as upper-limb robotic prosthetic technology is
maturing, rejection rates of myoelectric/robotic prostheses are declining, with older studies in-
dicating rejection rates as high as 67% [Vitali et al., 1986, Jacobs and Brady, 1975]. Despite such
progress attained however, approximately 20-40% of users of such robotic (usually myoelectric)
prostheses still reject them [Silcox et al., 1993,Biddiss and Chau, 2007a]. Rejection rates for upper-
limb prostheses are significantly higher than their lower-limb counterparts. The simplicity of the
function of lower-limbs, relative to the upper limbs, allows for amputees to accept lower-limb
prostheses with less resistance than upper-limb prostheses [Carter et al., 1969].
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Figure 2.1: General categories of factors influencing upper-limb prosthesis acceptance. Functional
factors are in direct relation to the design and engineering of robotic prostheses.
A recent five year follow-up study reports 50% rejection rates for myoelectric/robotic prosthe-
ses [Silcox III et al., 1993] with the same author reporting a 10% rejection rate in a previous three
year follow-up study [Fleming, 1979]. Other recent reports document a 20% rejection rate, with-
out however making explicit the type of prosthesis or the follow-up time of the study [Biddiss and
Chau, 2007b]. Upper-limb rejection rates are also correlated with the period of use, with rejection
rates rising from 8% after 16 months to 20% after 31 months [Northmore-Ball et al., 1980, Heger
et al., 1985]. Such increase indicates that the usability and ’novelty value’ of myoelectric/robotic
prostheses reduces over time [Silcox III et al., 1993] eventually leading to rejection rates up to 50%.
2.2 Acceptance factors
To identify why upper-limb prosthesis rejection is so prevalent, we focus on existing studies on
myoelectric/robotic prosthesis acceptance and examine the factors for prosthesis rejection in de-
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tail. These span a wide spectrum however the majority falls mostly in four categories, as dis-
played in Fig. 2.1: clinical, cultural, personal and functional. Clinical factors range from the age
and level of amputation to the timespan from amputation to first prosthesis fitting [Biddiss and
Chau, 2007c, Berke et al., 2010]. Cultural factors include, among others, education and social sta-
tus, living environment (rural or urban) and country development [Biddiss and Chau, 2008,Jones
and Davidson, 1995]. Personal factors include the psychological influence a prosthesis has and
their [Biddiss and Chau, 2007a]. Functional factors of a prosthesis range from device weight, to
dexterity and anthropomorphism, or how human-like a prosthetic device looks [Pylatiuk et al.,
2007, Carrozza et al., 2006].
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Figure 2.2: Functional factors of upper-limb prosthesis acceptance and the relations between
them. Ease of use describes HMI control ease and sensory feedback. Tech transfer describes de-
vice cost and reliability. Dexterity describes device force output, actuation speed and grasp complexity.
Body integration describes device weight, autonomy and anthropomorphism.
While clinical, cultural and personal factors are difficult to directly influence, functional factors
are in fact in direct relation to the design and engineering of robotic prostheses. Clearly, for upper-
limb amputees to benefit, robotic prosthetic research should aim to first identify these the trade-
offs between them, and second optimize against them. Recently a number of these and the trade-
offs between them have been categorized in relation to the performance of robotic prostheses
from an engineering viewpoint [Belter and Dollar, 2011]. From a prosthesis acceptance viewpoint
however, additional factors and trade-offs between them appear.
2.3 Functional factors
In this regard, we have identified four major categories of functional factors in upper-limb pros-
thesis acceptance: (1) ease of use, (2) tech transfer, (3) dexterity and (4) body integration. These
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categories contain a number of functional acceptance factors, each of which are significant, and
where the relations between them introduce trade-offs where improving a factor most often poses
a deficit in another. These functional factors along with the relations and trade-offs between them
are illustrated in Fig. 2.2 and are presented in detail below.
2.3.1 Ease of use
Ease of use is critical to upper-limb prosthesis acceptance [Biddiss and Chau, 2007a, Atkins DJ,
1996, Carrozza et al., 2002, Peerdeman et al., 2011]. This factor involves the information flow
between the prosthesis and the user. On one side, control of a prosthesis should be intuitive,
easy, reliable and minimize required training time. On the other side, the prosthesis itself should
provide relevant feedback to the user, which can assist with environmental interaction, which is
"‘blind"’ without any feedback, and in turn ease the task of controlling such a dexterous device.
Human-machine interface control ease
The ability of an upper-limb prosthesis to achieve able-bodied levels of performance across tasks
and environments is imperative for successful prosthesis acceptance [Atkins DJ, 1996, Carrozza
et al., 2002, Peerdeman et al., 2011]. A major research focus is being placed in developing pros-
thetic systems that allow for a multitude of grasps and control precision. However, as grasp
number and control precision increase, the ease-of-use of such a device usually decreases [Simon
et al., 2012, Scheme and Englehart, 2011]. Dexterous upper-limb prosthetic systems have been a
major research focus, however the challenges are tackled mostly from a robotic control approach.
There are many research prosthetic hands that feature a high number of actuators and a multitude
of motions, however with an increase in dexterity, the ease of use of the device decreases, as users
find it difficult and counter-intuitive to control [Cipriani et al., 2008, Simon et al., 2012]. Improv-
ing on this factor can be done by outsourcing some of the computation required for controlling a
prosthesis to the morphology of the hand or by exploring alternative interfaces. Some evidence
for the potential of this approach already exists [Dollar and Howe, 2010], and as we will see in
Chapter 5, in the context of this thesis, can improve ease of use without impeding on device grasp
complexity.
Sensory feedback
Sensory feedback1is often demanded by prosthesis users [Atkins DJ, 1996, Carrozza et al., 2002,
Peerdeman et al., 2011], with its absense negatively contributing to prosthesis acceptance [Lund-
borg and Rosen, 2001, Biddiss and Chau, 2007c]. Although visual information alone provides in-
formation relevant to the functions of a prosthetic hand, it increases the cognitive load of the user,
thus limiting their ability to multi-task and impairs their environmental awareness [Atkins DJ,
1996, Inmann and Haugland, 2004, Richard and Coiffet, 1995].
During object manipulation and interaction with the environment, there is minimal contextual
information that can be used to automate a prosthesis to a degree where keeping the user "in the
loop" is not warranted. Even if it was possible, a prosthesis with such a degree of "intelligence"
would again result in a "blind" interaction of the user to the environment, potentially leading to
a rejection of the device. Neuroscientific evidence suggests that the presence of sensory feedback
positively contributes to phantom limb awareness and to the incorporation of the artificial limb
to the body schema of the user [Botvinick and Cohen, 1998, Peerdeman et al., 2011, Hunter et al.,
2003, Marasco et al., 2011].
Furthermore, a multitude of sensory modalities providing information to the user has been
shown to increase performance in dexterous manipulation [Richard and Coiffet, 1995]. As such,
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upper-limb prosthetics research is starting to focus on the "human in the loop" control approach,
where a multitude of sensory modalities provide the user with feedback that will allow a better
environmental interaction and body schema incorporation [Damian, 2012].
2.3.2 Tech transfer
This category includes factors that are related to the transfer from research prototypes to com-
mercially available systems: device cost and reliability. Low device costs and long-term reliability
are assumed as long as a research concept can be demonstrated. Alterations to a research system
that have to be performed during the design of a commercial prosthesis often alter the original
claimed functionality of the research prototype, directly influencing prosthesis acceptance.
Cost
While device cost is a rarely explored factor in upper-limb prosthetic research, it is still an im-
portant factor for prosthesis acceptance [Biddiss and Chau, 2007a, Biddiss and Chau, 2007c,
Bhaskaranand et al., 2003]. To improve factors such as weight and dexterity, it is merely nec-
essary to showcase a plausible concept; costs are usually only considered once a commercialized
product is developed. Further, device cost can be negatively influenced while improving differ-
ent functional requirements such as device weight. As an example, reducing device weight could
be performed by exchanging material used for the mechanical structure of the device (e.g. alu-
minium) with light-weight and durable material such as titanium or carbon-fiber, both of which
are comparatively more expensive than aluminium. This poses a significant accessibility prob-
lem for upper-limb amputees, further increased in developing regions of the world which makes
certain prosthetic devices prohibitively expensive. An inaccessible due to costs prosthetic device
however does not serve its intended purpose, to improve living conditions of amputees. Device
costs can be reduced by carefully considering the mechanical design of the prosthesis and imple-
menting system modularity where possible. A clear trade-off here exists between device cost and
device reliability and dexterity.
Reliability
Similar to device cost, reliability is a rarely explored concept in robotic prosthesis research. The
long-term reliability of a mechanical design is assumed as long as a research concept can be
demonstrated. However, reliability or the lack thereof influences upper-limb prosthesis accep-
tance [Peerdeman et al., 2011]. The influence of the transition from a research prototype to a
commercial product is not easy to isolate and study. Improving device reliability can be achieved
by accounting for it as a design constraint, and identifying solutions. Only recently some of these
concepts are making their way into prosthetics research, e.g. system modularity [Cipriani et al.,
2011, Medynski and Rattray, 2011, Schultz and Kuiken, 2011]. A clear trade-off exists between
device reliability and device cost, weight and dexterity.
2.3.3 Dexterity
Device dexterity is an important factor category to upper-limb prosthesis acceptance [Carrozza
et al., 2006, Pylatiuk et al., 2007, Silcox et al., 1993]. Achieving able-bodied levels of performance
across tasks and environments is a high priority among prosthesis users [Peerdeman et al., 2011,
1In this context, the term "sensory feedback" is used to describe the feedback provided from the device to the user that
includes both proprioceptive and exteroceptive information, other than visual information that is a given for prosthetic
devices.
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Atkins DJ, 1996,Carrozza et al., 2002]. However, device dexterity by itself is an umbrella term that
contains different, and often conflicting factors: force output, actuation speed, and grasp complexity.
Being conflicting, improving upon these factors is quite challenging, and often, as we will see
below, a different approach perspective is needed.
Force output
Force output is a very significant factor for acceptance, as it defines what a prosthetic hand can
and cannot grasp. The usual approach to myoelectric prosthesis design involves using non-
backdrivable gear trains that offer a high-force output with relatively small actuators at the cost
of actuation speed [Belter and Dollar, 2011]. The maximal force output of the human hand dur-
ing grip tasks ranges between 70N − 760N [Edgren et al., 2004, Didomenico and Nussbaum,
2003,Mathiowetz et al., 1985]. In contrast, robotic hand grip forces range between 9.9−900N [Kar-
gov et al., 2004, Medynski and Rattray, 2011]. This large dispersion is approximately inversely
proportional in finger actuation speeds, as a direct trade-off of maintaining a reasonable device
autonomy. Some approaches exist that minimize this trade-off; as an example, maximizing the
contact area between a hand and an object and providing a high-friction surface on the robotic
hand, the forces necessary for manipulating objects are reduced [Kargov et al., 2007]. In the con-
text of this thesis, we will attempt to maintain or increase device force output, while decreasing or
maintaining, respectively, device weight.
Actuation speed
Actuation speed in this context refers to the frequency of a complete flexion-extension movement
of a finger in a robotic prosthesis. The full flexion speed of human fingers is approximately 5Hz
[Jobbagy et al., 2005, Yokoe et al., 2009, Rodrigues et al., 2009]. In contrast, fingers of robotic
prostheses can reach a maximum of approximately 1Hz [Medynski and Rattray, 2011], while
non-prosthetic robotic fingers are able to reach actuation speeds of up to 10Hz [Jacobsen et al.,
1986]. This vast difference of actuation speeds between prosthetic and robotic fingers is highly
related to device (1) weight and (2) autonomy; currently, it is simply not feasible to provide a
high-speed, high-output force robotic prosthesis while maintaining a low device weight and a
long device run-time. Furthermore, higher actuation speeds produce actuator auditory noise that
in some cases can be detrimental to the acceptance of the prosthesis [O’Keeffe, 2011, Rajan, 2011].
Unobtrusive auditory frequencies and intensities do not disturb however, and can potentially be
used as indirect feedback to device operation [Altinsoy, 2010].
Grasp complexity
A dexterous upper-limb robotic prosthesis needs to provide functionality over mere cosmetic ap-
pearance. Grasps and gestures define the interaction between the human and the environment,
facilitated through the prosthesis. To this end, grasp complexity is critical to maintain a reliable
and rich interaction with the environment and to, in turn, reinforce the sensorimotor flow of in-
formation [Cutkosky, 1989, Ciocarlie and Allen, 2009]. Users want to achieve able-bodied levels
of performance and as such, a multitude of grasps, from power to tripod and pinch, is neces-
sary [Cutkosky, 1989]; this makes motion complexity highly related to the "ease-of-use" of the
device. Allowing the user to contextually decide over the necessary functionality of the device is
also important. Different environmental interaction contexts require different control strategies,
e.g. manipulation of an egg calls for fine fingertip force control whilst opening a door merely
requires the hand to remain at a closed configuration and thus necessitates position control.
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Studies have shown that important activities, such as (1) using doors or domestic devices, (2)
writing or (3) individual use of the index finger have to be precise and repeatable from a control
perspective [Kyberd et al., 2011, Pylatiuk et al., 2007]. Furthermore, apart from control precision
in low-loaded grasps, problems with high-loaded grasps such as lifting heavy objects should be
minimized. A significant trade-off exists however between improving motion complexity and
device (1) ease of use, (2) weight and (3) autonomy. Increasing the number of grasps makes
it difficult for the user to control the device without any cognitive overload. Furthermore, an
increase on the number of grasps requires either an increase in actuators or an increase in the
complexity of the transmission system which consequently negatively influences device weight.
Finally, all above factors negatively affect device autonomy, whether it is due to the multitude of
sensors and computational complexity or due to the increased number of actuators. In the context
of this thesis, we will attempt to improve upon grasp complexity, whilst simultaneously improving
device ease of use.
2.3.4 Body integration
Factors that deal with acceptance in terms of body integration of the user are device weight, auton-
omy and anthropomorphism. If a device is too heavy, it cannot be operated over extended periods of
time; if it is not anthropomorphic, e.g. matching the size, shape and colour of the user’s healthy
hand and skin, it can impede on both the daily and social activities of the user, contributing to-
wards device rejection.
Weight
Device weight is the most important functional factor of device acceptance [Pylatiuk et al., 2007,
Carrozza et al., 2006]. If a device is too heavy it will prove cumbersome to use over extended
periods of time, which will eventually lead to a rejection of the prosthesis. Furthermore, the
center of mass of the device poses an additional constraint. If the center of mass is close to the
extremity of the arm, (i.e. the actuators of the prosthesis are embedded in the fingers or palm),
the inertia of the prosthesis during arm movements will result in early user fatigue [Tsakiris et al.,
2010, Kyberd et al., 1999]. The weight of the human hand, excluding the extrinsic muscles is ap-
proximately 400gram [Belter and Dollar, 2011] and serves as the optimal target weight of robotic
prostheses. The maximum weight requirement definition in the prosthetics research community
is 400gram [Pons et al., 2004], with current state-of-the-art prosthetic hands falling within a range
of 350− 500gram [Belter and Dollar, 2011, Medynski and Rattray, 2011].
Designing a prosthesis to be in the weight range of the human hand, one can aim at reducing
the mass of the mechanical structure, actuator or battery. However, each of these targets nega-
tively affects device reliability and cost, dexterity and textitautonomy respectively. Even so, several
improvements to device weight can be performed that do not negatively affect functional factors.
One such improvement is the use of tendon-driven actuation systems, where the mass of the actu-
ators can be safely located away from the extremity itself [Chalon et al., 2010]. A further example
would be locating the system batteries on a waist belt, removing them from the total device mass
that has to be born by the user’s arm. In the context of this thesis, we will primarily aim to reduce
device weight while attempting to not impede on other important factors or introduce additional
trade-offs.
Autonomy
Device autonomy is a critical factor for robotic prosthesis acceptance [Atkins DJ, 1996]. If the pros-
thetic device requires frequent periods of non-use due to e.g. charging, and cannot be operated
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over extended periods of time it can critically impede with the daily activities of the user and can
contribute towards device rejection [Biddiss and Chau, 2007a]. Several existing studies show that
myoelectric prostheses are used for extended periods of time (more than 8 hours per day) [Silcox
et al., 1993, Crandall and Tomhave, 2002, Kyberd et al., 1999, Fraser, 1998, McFarland et al., 2010].
Optimizing the autonomy of a prosthetic device can be achieved by (1) better battery tech-
nology, (2) reducing computational and sensing power requirements and (3) reducing actuator
power-requirements. Despite advances in battery technologies, current state-of-the-art high den-
sity batteries are still not sufficient for prosthetic devices [Atkins DJ, 1996]. In order to reduce
computational and sensing power requirements we have to aim to computationally simple con-
trol techniques and algorithms and a reduced number of sensor modalities. However, HMI re-
search on sEMG technologies aiming for increased device functionality requires numerous sen-
sors and computationally complex algorithms. Reducing actuator weight can be done by either
an increased gear ratio at the expense of actuation speed or by a reduced force output; both actions
have a direct negative effect on device dexterity.
Anthropomorphism
Anthropomorphism is also an important factor in upper-limb prosthesis acceptance [Cipriani
et al., 2011]. However, it is also a highly important personal factor, as some amputees prefer
anthropomorphism over functionality whilst others opt for the exact opposite [Crandall and
Tomhave, 2002, Leow et al., 2001]. There are also many instances where the preference for an-
thropomorphism depends on the activity context of an amputee, i.e. a social event might warrant
the presence of an anthropomorphic prosthesis whereas workshop activities where tools have to
be used might warrant the presence of a functional prosthesis, irrespective of whether it is anthro-
pomorphic or not. As such, the need for anthropomorphism should be of secondary importance
to significant functional factors such as weight and autonomy, and should be considered at the
design state where a five-fingered prosthesis (based on other functional factors) has been selected
over e.g. a three-fingered or a tentacle prosthesis [Kaylene Kau, 2010].
2.4 Targeting the important factors and their trade-oﬀs
The trade-offs presented in this Chapter are particularly complicated, as they involve a multitude
of factors. For instance, device dexterity is a multi-faceted term incorporating, among others,
grasp speed, force output and grasp complexity (from power grasp to pinching). All these factors
tend to conflict not only with each other but also with respect to others such as device weight,
autonomy and ease of use.
As such, this work is focused on highlighting the importance of these factors for upper-limb
robotic acceptance and the relations and trade-offs between them. While current research address
these factors individually, arguing that designing a robotic prosthesis one should choose between
trade-offs [Belter and Dollar, 2011], we argue that by collectively considering them during the
design phase, a potential solution, however difficult or simplistic, would be transferable and
beneficial in the real world, directly improving the lives of their users. Within the scope of this
thesis and to showcase that such an approach is possible, we focus on collectively addressing the
trade-offs between device (1) weight, (2) autonomy, (3) force output, (4) grasp complexity and (5) ease
of use. These are the most commonly referred to and important factors as identified in literature.
Failure to meet expectations of the users or diverging too far from the specifications of the human
hand in terms of these factors results in device rejection.
In order to showcase the benefit of this approach, we perform two large-scale case studies:
(1) looking into the biomechanics of the human hand through the concept of morphological
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computation [Pfeifer et al., 2007] in relation to upper-limb robotic prostheses and (2) exploring
alternative human-machine interfaces (HMIs) for prosthetic devices following a "cheap design"
approach [Pfeifer and Scheier, 1999]. The first case study deals with the mechanical aspect of a
robotic prosthesis, and collectively addresses device (1) weight, (2) force output and (3) autonomy.
The second case study deals with the HMI aspect of a robotic prosthesis and collectively addresses
device (1) control ease and (2) grasp complexity.

Chapter 3
Thesis contributions
“If hands were wings, sky would be the limit.” - Hugo Gravato Marques
In this thesis we proposed to identify ways of improving the design of upper-limb prostheses
with the principal goal of improving prosthesis acceptance. In order to do so, we (1) identified
what are the factors responsible for prosthesis acceptance; rather than optimizing for a particular
functional factor, as per the conventional engineering approach. Further, we (2) examined the
biomechanics of the human hand to identify alternative or complementary methods on collec-
tively improving device (1) weight, (2) force output and (3) autonomy while minimizing the con-
straints introduced by inter-factor trade-offs. Finally, we (3) evaluated the viability of a novel
hybrid sEMG-IMU HMI, that was designed with a target of simultaneously improving device
control ease and grasp complexity. Finally, based on our case-studies, we proposed a number of
design guidelines and recommended future research directions.
3.1 Critical survey
We have identified four major categories of factors influencing prosthesis acceptance: clinical,
cultural, personal and functional. Of these, functional factors are in direct relation to the design
and engineering of robotic prostheses. The functional factors related to upper-limb prosthesis
acceptance are device weight, autonomy, anthropomorphism, force output, actuation speed, grasp com-
plexity, cost, reliability, control ease and sensory feedback. We have presented each of the above fac-
tors, highlighted the most important ones and described the trade-offs between them; both factors
and their trade-offs are critical and should be collectively considered during the design of robotic
upper-limb prostheses.
3.2 Morphological computation in prosthetic hands
We first examined the relation of torque and force output of man-made actuators. Based on this
examination, we have verified that a trade-off between device weight and force output exists and
poses an upper-limit on the torque/mass ratio of engineered actuation systems. Based on these
findings, we created a model that describes the tendon-pulley frictional effect observed in hu-
man fingers and have verified that by using frictional tendon-pulley systems in robotic prosthetic
hands, we can increase the torque/mass ratio. However, during fine manipulation tasks, tendon-
pulley friction is unwanted as it negatively affects control ease. To address this issue, we have
created a variable friction pulley device that only introduces large frictional forces during large
16 Chapter 3. Thesis contributions
external loads. This functionality serves the purpose of maintaining low tendon-pulley friction
during fine manipulation tasks, i.e. it does not affect device control ease, while it introduces high-
frictional forces under high-loaded configurations, providing an output force advantage that is
beneficial for device weight and autonomy while maintaining force output.
Finally, we looked into the influence ADLs have on the range of motion (RoM) and workspace
volume of the human thumb and identified a 76% volume reduction on the thumb’s maximum
RoM, for grasps common during ADLs. This reduced RoM is the thumb’s effective functional
RoM and by employing it, instead of the commonly employed maximum RoM, we can reduce
device weight while maintaining the thumb’s force output and consequently increasing device au-
tonomy.
3.3 Human Machine Interfaces
Looking for alternative human machine interfaces that simultaneously improve control ease and
grasp complexity of a robotic prosthesis, proportional sEMG control was found to have increased
control ease. However, by only using such a scheme, grasp complexity was reduced to the mini-
mum. As such, and to improve device grasp complexity, we examined the viability of a compu-
tationally cheap gesture recognition algorithm, Dynamic Time Warping (DTW), for classifying a
library of user gestures. Despite the large size of the gesture library, DTW can provide extremely
high recognition rates in comparison to classical sEMG pattern recognition and is viable for use
in a prosthetic system. Based on these results, we have constructed a hybrid sEMG-IMU sys-
tem where the gestures the user performs are used to identify a particular grasp class, followed
by proportional sEMG control of that particular grasp. This system is robust, runs in real-time
using minimal computational power and requires no significant training. As such, it improves
device control ease, while at the same time, the large library size and extremely high recognition
rates allow a multitude of grasps and control methods to be selected, improving grasp complexity
significantly.
3.4 Robotic prosthesis design guidelines
As a further result of our studies, we have proposed a number of design guidelines involving
robotic hand prostheses (but also tendon-driven robotic devices in general) and recommended
future research directions. In terms of the design guidelines, we proposed to use the scaling
regimes identified in Section 4.1 to describe the minimum required mass of a robot. Additionally,
for frictional tendon-driven devices, the model presented in Section 4.2.1 can be used to identify
the frictional effect of the system and provide an appropriate and correct force output calculation.
Finally, we have proposed a base human thumb model for use in optimizing robotic thumbs, in
conjunction to the reduced workspace thumb RoM used as a guideline during the design phase
of a dexterous prosthetic robotic hand.
In terms of future research directions, we have proposed to characterize human hand grasps
based on their post-movement configuration (of either eccentric or concentric nature), as dis-
cussed in Chapter 6, as this would help in establishing and identifying further benefits of frictional
tendon-pulley systems. In addition, we have proposed two alternative ways of using frictional
tendon-pulley systems to our advantage while not impeding on existing inter-factor trade-offs.
Finally, as there are still great disparities in academic research into the kinematics of the human
thumb, we have recommended that subsequent kinematic studies of the human thumb are carried
out such that the RoM of the thumb joints are documented about anatomically-accurate axes.
Chapter 4
Morphological computation in
prosthetic hands
“Roy: Yes! [smiles] Questions... Morphology? Longevity? Incept dates?
Chew: Don’t know, I don’t know such stuff. I just do eyes, juh, juh... just eyes...
just genetic design, just eyes. You Nexus, huh? I design your eyes.
Roy: Chew, if only you could see what I have seen with your eyes.” - Blade Runner
Morphology and material properties directly influence the performance of an embodied sys-
tem. In this context, morphological computation, i.e. the exploitation of morphology and material
properties [Pfeifer et al., 2007], can be used to (1) reduce the computational complexity of such a
system, (2) pre-process and structure the plethora of stimuli that is acquired by sensory modal-
ities, in effect filtering information and (3) optimize the actuation usage of a system, be it for
increased dexterity, energy consumption reduction or a different criterion. In this chapter we ar-
gue that the exploration of morphologies and material properties of the human hand and similar
biomechanical systems in nature will serve to identify appropriate concepts that can be exploited
for the design and optimization of robotic prostheses.
As such, in this chapter we improve upon device weight, dexterity and autonomy collectively by
exploring the biomechanics of the human hand, along with engineering approaches in robotics.
To this end, we first perform a scaling study that verifies a trade-off between actuator weight and
force output. Based on our findings, we investigate the tendon-pulley system of the human finger
and find that friction has a significantly beneficial role in force output and correspondingly weight
and autonomy but negatively influences device ease of use. As such, we construct an adaptive
pulley system that allows tendon-pulley friction to benefit the above factors while simultaneously
not impeding device ease of use. Furthermore, we investigate the kinematic workspace volume of
the human thumb and find that by appropriately selecting grasps relevant to ADLs, the (now)
functional workspace volume can be greatly reduced, in turn positively influencing all above
factors without impeding on existing or introducing any additional trade-offs.
4.1 Actuator optimization
The main criteria that define motor selection in robotic design are (1) the type of motor, (e.g. elec-
tric, pneumatic or hydraulic), (2) the Fmax required as calculated by the maximum load of the
robot for its given task and (3) the power consumption of the system. In what is established as
"synthetic methodology" [Pfeifer et al., 2007], where design of robots is driven by on-line optimiza-
tions during robot construction, motors of choice are usually on the lower end of the price scale.
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In contrast, with classical robot design, high-end motors in terms of performance are used, also
reflected by their pricing.
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Figure 4.1: Motor maximum torque (Nm) versus motor mass (Kg) for a variety of motors. Data
included in this study consists of 497 motors from six companies (Futaba, Hitec, GWS, JR, Robotis,
Maxon), with 322 RC servos and 175 motors spanning 12 power scales (from 0.3W to 250W).
Values were taken from specifications given from the respective companies.
An upper limb myoelectric prosthetic device needs to weigh as little as possible in order for
the user to be comfortable while wearing it. Such a weight restriction significantly constrains the
size of the motors to be used and as a result the force output of the device itself. The common
methods of circumventing this restriction are either a reduced number of heavier motors, or large
and/or non back-drivable gear ratios on lighter motors [Controzzi et al., 2008,Dalley et al., 2010].
In the first case, the number of active degrees of freedom (DOF) is reduced, in turn reducing the
versatility of the device. In the second case, the lack of backdrivability suggests a prosthesis that
is rigid, unnatural and which in turn can be dangerous in certain circumstances.
Scaling laws are pervasive in biological systems, found in a large number of life processes,
and across 27 orders of magnitude. Recent findings show both biological and engineered motors
adhering to two fundamental regimes for the mass scaling of maximum force output [Marden,
2005, Marden and Allen, 2002]. We hypothesize that the inter-relation of criteria defining motor
selection in robotic designs can be optimized by identifying the existence and relation between
the two potential scaling regimes found in literature. If it is indeed the case that the two groups
are related to fatigue and load-life of these motors, it would imply an upper limit of maximum
specific torque for any given scale, that should be taken into consideration in robotic design.
In [Dermitzakis et al., 2011b], we identified two regimes regarding motor maximum torque
that come in accordance to previous findings [Marden, 2005], [Marden and Allen, 2002] regarding
motor maximum specific force. The relation of motor maximum torque (tmax) to motor mass is
shown in Fig. 4.1. Two distinct regimes of maximum torque scaling with mass are apparent.
Group A motors (RC servos) have maximum torque outputs that scale isometrically with motor
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mass (Ga ∝ m1.00, R2 = 0.74). Motors in this group include a rotary electric motor plus a gearbox.
Group B motors (Maxon) have maximum torque outputs that scale allometrically to motor mass
(Gb ∝ m1.27, R2 = 0.96). Motors in this group consist of only rotary electric motors, without a
gearbox. Based on these findings, we looked into the biomechanics of the human hand in order to
identify alternative or complementary methods on improving device (1) weight, (2) dexterity and
(3) autonomy while minimizing the constraints introduced by the trade-offs between them.
4.2 Tendon-pulley system friction
The use of tendons allows for designs that can facilitate compliance through elasticity [Lens et al.,
2012] and lightweight end-effectors [Luca et al., 2005], making tendon-driven robotic systems
increasingly favourable. In the design of such systems, significant effort is placed on minimizing
effects introduced by tendon-pulley friction, such as (1) non-linearities [Smagt et al., 2009], (2)
hysteresis effects and (3) energetic and power losses [Wiste et al., 2009,Fite et al., 2008,Lalibert?T.
et al., 2010]. This can be observed across most systems, and particularly in robotic hands, e.g. the
Smart Hand [Zollo et al., 2007], the Shadow Hand [Shadow Robot Company, ] and others [Dalley
et al., 2009, Controzzi et al., 2010], where Teflon or Nylon coated cables and pulleys with ball-
bearings are utilized.
Figure 4.2: Human finger and the abstraction used in our model. The distal interphalangeal joint
(DIP) is fixed, while the proximal interphalangeal joint (PIP) is not. The model consists of a two
link, one-joint frictional tendon-driven system. The metacarpal bone and joint are not modelled.
Fixing Ftendon with a constant force will give us a better insight into the output force at the finger
tip, and vice versa, we will get a better view of the actuator force influenced by friction.
In contrast, in biological tendon-driven systems such as the human hand, friction has been
found to be beneficial. Post-eccentric and post-concentric1 forces differ by 9-12% during high-load
flexion of the interphalangeal joints, a difference that can be directly attributed to tendon-pulley
friction [Schweizer et al., 2003]. In addition, the property of tendons to compress when tensioned,
and also the orientation of tendon and pulley fibers further contribute to the appearance of fric-
tional forces [Walbeehm and McGrouther, 1995]. An extreme version of such utilization is present
1The terms post-eccentric and post-concentric will be used here to denote a static configuration from which an eccentric
or concentric contraction would follow if the loading force would be increased or decreased by a very small amount
respectively.
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in chiropterans and specifically bats, which employ frictional forces to dangle on their fingers
without the application of muscular force [Quinn and Baumel, 1993, Schaffer, 1905, Schutt, 1993].
The benefit provided by tendon-pulley friction can be clearly identified if we note the different
kinds of activities in the context of eccentric and concentric configurations. Based on a life-log of a
healthy person [Matsumoto et al., 2011] analysed based on the ICF2, there is a number of activities
that are of eccentric nature concerning the fingers: (1) carrying in the hands, (2) pulling, (3) lifting
and (4) putting down objects. Considering that these activities compose the majority of daily
performed actions of a healthy person, summing over 60%, the benefit of friction in eccentric
configurations is apparent.
As such, we have created a frictional tendon-pulley model of the human finger, described in
the next section. The model has been used to validate in vitro human finger experimental data.
Further, it clearly shows the direct influence of tendon-pulley friction between post-eccentric and
post-concentric loading configurations and highlights the benefit of a frictional tendon-pulley
system for post-eccentric configurations.
Based on the results of this study, in Section 4.2.2 we describe a variable frictional tendon-
pulley mechanical system that allows transition between a low frictional state and a high frictional
state. The frictional tendon-pulley system constructed is designed in a way that maximizes and
minimizes frictional influences based on external high-loading and low-loading configurations
respectively. Such a system has a clear benefit of minimizing the frictional influences on a robotic
device, and in this case, a robotic hand under low-loading dexterous manipulation tasks. At the
same time it maximizes the benefit of frictional forces under high-loaded eccentric configurations,
which in turn allows for a lower-power and respectively lower-weight actuators to be used in the
system. In turn, this directly affects prosthesis acceptance as it improves on device weight and
autonomy, while not impeding on force output.
4.2.1 Frictional ﬁnger model
We have created a model of a two-link, one degree-of-freedom (DOF) human finger (Fig. 4.2)
that incorporates a Coulomb capstan friction model [Dermitzakis et al., 2012a]. Only the A2
pulley was modelled, as it has been shown to be the main contributor of friction in the hu-
man finger [Roloff et al., 2006, Schweizer, 2008]. Even though frictional forces exist in the PIP
joint [Schweizer et al., 2003,Ateshian and Hung, 2005], their magnitude is too small, and thus the
joint is considered frictionless in the model. The model parameters used are shown in Table 4.1
and were obtained from physiological studies of the human finger tendon-pulley system [Marco
et al., 1998, Lin et al., 1989].
Table 4.1: Two-link, one degree-of-freedom (DOF) frictional finger model parameters, obtained
from physiological studies of the human finger tendon-pulley system [Marco et al., 1998,Lin et al.,
1989]. The segment mass was arbitrarily set at 10g as no appropriate physiological data was
found. The model orientation having the PP being perpendicular to gravity was chosen such that
it corresponds with the majority of physiological studies available.
L = 49.4mm m = 10g µ = 0.075 g = 9.81ms2 f = 20mm
p = 16.6mm e2 = 5.2mm e4 = 6.5mm s = 12.5mm
The model was then validated against physiological data obtained from [Schweizer et al.,
2International Classification of Functioning, Disability and Health, also known as ICF, is a classification of the health
components of functioning and disability.
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2009] and has been found to provide a good match for the data [Dermitzakis et al., 2012a]. Fol-
lowing the validation, the resultant actuator force capabilities of the model between concentric
and eccentric configurations were examined at the external force extrema, as shown in Fig. 4.3.
Fmintip = 0 is used to describe the no-load configuration while F
max
tip is used to describe Ftendon un-
der a maximum load configuration of 100N, the mean boundary failure load force of the PIP joint
in the human finger [Marco et al., 1998]. The PIP joint angle used was in the range of ϕ = {0, 110}◦
which is a good approximation to the range of motion of the human index finger PIP joint [Becker
and Thakor, 1988].
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Figure 4.3: Relation of actuator force for external force extrema. Left: Actuator force Ftendon for
a 0N external fingertip load Fload over the joint’s flexion angle ϕ. The influence of friction in the
system is minimal due to the low mass of the finger. Right: Actuator force Ftendon for a 100N
external fingertip load Fload over the joint’s flexion angle ϕ.
Fig. 4.3a shows the actuator force (Ftendon) which has to be applied under no external force. As
only the mass of the segment has to be sustained at a particular PIP angle ϕ, the required actuator
force is very small and the differences of eccentric and concentric configurations are minimal. In
other words, under low loads, the influence of friction in the tendon-pulley system is very low
and can potentially be neglected. Fig. 4.3b shows the resulting actuator force (Ftendon) which has
to be applied for a 100N loading force. The difference between the concentric and eccentric forces
is increasing as the angle of flexion ϕ increases, with a maximum difference of Fmaxecc−con = 25.82N .
These results indicates a clear benefit of friction for post-eccentric movements of large loading
conditions while at the same time free-air movements, where no external load is present, are
virtually not affected over the entire range of motion of the PIP joint.
4.2.2 Frictional pulley device
Based on the results of the model created in the previous section, and to further address the
issue of minimizing friction in low-loaded configurations, we have designed a mechanical pulley
system that switches between low and high coefficients of friction based on the normal force
applied to the tendon. Utilizing such a transition, we ensure that the frictional disadvantages
(Section 4.2) of the tendon-pulley system are minimized to negligible levels during low to medium
loading, where control precision is required most, while at high loading, post-eccentric frictional
forces are being utilized to the advantage of the actuators of the intended system. This design can
22 Chapter 4. Morphological computation in prosthetic hands
be directly incorporated to existing tendon-driven robotic prosthetic hands but also to tendon-
driven robotic devices operating under similar conditions.
Figure 4.4: The friction switch. It consists of a soft substrate, shown in light gray and grooves
(Dg = 1mm) for 15 pins over an angle of 89.45◦. The side support assures that the pins travel
axially to the pulley under load. The radius of the grooves on both the hard shell and the silicone
is 0.5mm. The silicone substrate is 2mm thick and is a silicone elastomer Sylgard 184, 50 Shore A.
The pins used are tin electroplated polished steel and are of diameter Dpin = (0.94 ± 0.01)mm.
The wire used as a tendon is a Carl Stahl stainless steel wire rope model U8199512. It is coated
with Polyamid 12, has a radius of 1.2mm and a minimum breaking load of 850N .
The adaptive pulley is shown in Fig. 4.4. It has been designed after the human A2 pulley as
it has been shown to be the main contributor of friction in the human finger [Roloff et al., 2006,
Schweizer, 2008]. Furthermore, it is modelled at maximum finger contraction. A thin grooved
layer of silicone with a high coefficient of friction is placed on top of a rigid ABS shell. This layer
serves as the high-frictional substrate that the tendon will come in contact with under high-loaded
configurations. On top of the silicone layer, steel pins, serving as the low-frictional material the
tendon will come in contact first, are suspended in the grooves by means of side supports with
the bottom rigid material.
During low to medium-loaded configurations, the tendon only comes in contact with the pins,
resulting in minimal frictional forces. As the external load increases, the pins sink in the silicone,
which in turn sinks in the grooves of the hard shell. This will gradually increase friction up to
a point where the pins will be fully sunk in the silicon, i.e. the high-frictional substrate. At this
point, the frictional influence of the silicone will be at its maximum. There exists a threshold
external load at which point there will be a transition between the frictional properties of the pins
and the frictional property of the silicone. As some of the pulley surface is actually occupied by
the pins, the maximum frictional force observed will always be lower than the frictional force
developed using only the silicone substrate.
In order to describe the phenomenological behaviour of the friction switch, we have used the
frictional tendon-pulley model [Dermitzakis et al., 2012b] described in Section 4.2.1. To identify
the contribution of the silicone substrate, the system was tested without any pins attached to pro-
vide the characteristic behaviour of the silicone. To verify the intended behaviour of the system,
three pin configurations were examined: (1) six single-spaced pins, (2) three double-spaced pins
and (3)three single-spaced pins, with the respective behaviour of the system shown in Fig. 4.5.
The characteristic behaviors of the silicone substrate and pins can be seen in Fig. 4.5. The
silicone has a relatively linear behavior against external loads, with a maximum frictional force
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Figure 4.5: The frictional force results of the adaptive pulley device for three different experi-
mental pin configurations. From top to bottom, six single-spaced pin, three double-spaced pin
and three single-spaced pin configurations. The continuous lines denote experimental data and
the segmented lines the fitted model. The yellow regions denote the standard deviations of the
absolute frictional forces and are displayed for clarity.
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of Ffrmaxsil = 12.97N , with a slight curvature observed. The six pin, three double-spaced pin
configuration and three single-spaced pin configurations produce maximum forces of produces
a maximum force of Ffrmax = 3.935N, 5.829N and 5.893N respectively. All pin configurations
display a non-linear trend of frictional forces based on the external load.
In the six-pin, single spacing configuration (Fig. 4.5a), the system behaves similarly both with
and without the silicone substrate, with a maximum friction force of Ffrmaxdev = 5.097N . The three-
pin, double spacing configuration (Fig. 4.5b) clearly shows the friction transition effect between
the pins and the substrate. Frictional forces behave as if only the pins are present until approxi-
mately 15.31N , where the adaptive pulley transitions into a high-friction mode, with a maximum
friction force of Ffrmaxdev = 9.667N . The three-pin, single spacing configuration (Fig. 4.5c) displays
a transition effect that lies in between the two other configurations, with a maximum friction force
of Ffrmaxdev = 8.495N .
The observed curvature of the silicone substrate hints towards the existence of a maximum
substrate frictional force at some load. This is also true on a physical basis, as frictional forces
of any material are upper-bounded; they cannot infinitely grow. The observed behaviour of the
friction switch in the six-pin configuration suggests that the forces involved are not sufficient
in producing the intended pin-sinking switching effect, with the tendon not making sufficient
contact with the silicone substrate. In contrast, the three-pin, double spacing configuration clearly
shows the friction transition effect between the pins and the substrate. Of course it is not expected
that the full frictional effect of the silicone substrate will be present, however at the maximum
tested load, the frictional difference between the pin-substrate and substrate configurations is
only 27%. Finally, the three-pin, single spacing configuration displays a transition effect that lies
in between the two other configurations.
Based on the experimental results, the adaptive pulley system behaves as intended, showing
a transition between low and high friction that is clearly dependent on both the number and
spacing of the pins. Pins spaced further apart lower the threshold force where the switch between
low and high frictional forces occurs. In addition, the location of where the pins are placed is
also relevant to how and where the transition threshold appears, with pins placed in locations
where the major tangential forces are involved increasing the external force transition threshold;
interested readers can refer to C for details.
4.3 Thumb placement optimization
The thumb plays a significant role in hand motions and gestures, contributing to over 40% of
the total functionality of the human hand [Soucacos, 2001]. While past research provided opti-
mizations in terms of moment arm forces on the joints [Chang and Matsuoka, 2006a,Smutz et al.,
1998, Chang and Matsuoka, 2006b], there has not been a considerable volume of research exam-
ining the Range of Motion (RoM ) a prosthetic thumb should exhibit. As such, the RoM of an
actuated thumb on many robotic prostheses is arbitrarily selected, with the thumb itself also sim-
ilarly placed and shaped. We question this design practice as we expect a significant functional
volume reduction for performing certain activities vs. the maximum obtainable workspace.
To this end, we have compared and contrasted four anatomically-accurate kinematic thumb
models from literature [Santos and Valero-Cuevas, 2006,Hollister et al., 1992,Hollister et al., 1995],
shown in Fig. 4.6. We quantified their angular ranges of motion by generating point clouds
of end-effector positions, and by computing their alpha-shape bounded volumes [Dermitzakis
et al., 2013]. The natural variation in the human population prohibits the development of a single
representative model for the human thumb. The generated alpha shapes feature a convex upper
surface, and a concave lower surface. Moreover, the alpha shapes produced only featured an
outside boundary, as seen in Fig. 4.7. No internal surfaces were generated, meaning that the
4.3 Thumb placement optimization 25
Figure 4.6: The four thumb models as serial kinematic links. From left to right: Models I, II, III
and IV. The four models of the human thumb produce similar point clouds, which indicates that
the functional variation in the RoM in the thumbs of the human population is limited.
human thumb end-effector is able to access each point in its domain within a resolution of 10mm.
Although the joints of the thumb models were actuated through the same angles, the different
anatomic structure of the four thumbs caused the swept volumes of the end-effectors to vary.
In order to obtain a quantifiable measure of thumb kinematics, we obtained data from [Lin
et al., 2011] for the RoM needed to perform a number of grasps relating to activities of daily living.
Six grasps were considered: (1) tip pinch, (2) palmar pinch, (3) lateral pinch, (4) cylindrical grip,
(5) power grip, and (6) spherical grip. This data was used to generate a workspace point cloud that
was then compared to the point cloud generated by the maximum RoM of the thumb, as found
in literature. The results suggest that up to 76% of the available RoM of the human thumb is not
utilised when performing simple activities, such as the six grasps considered here (Appendix D).
This fact introduces the possibility to massively reduce the workspace volume that a prosthetic
thumb needs to satisfy. Employing it in the design of robotic thumbs, we can reduce device weight
while maintaining the thumb’s force output and consequently increasing device autonomy.
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Figure 4.7: Point clouds for the maximum (black) and grasp-based (red) RoM: Axial (top) and 3D
view (bottom). Data was obtained directly from [Lin et al., 2011] for the RoM needed to perform
a number of grasps relating to activities of daily living. Six grasps were considered: (1) tip pinch,
(2) palmar pinch, (3) lateral pinch, (4) cylindrical grip, (5) power grip, and (6) spherical grip.
Chapter 5
Hybrid human-machine interfaces
for prosthetic devices
“Something he’d found and lost so many times. It belonged, he knew – he remembered – as she pulled him
down, to the meat, the flesh the cowboys mocked. It was a vast thing, beyond knowing, a sea of information
coded in spiral and pheromone, infinite intricacy that only the body, in its strong blind way, could ever
read.” - William Gibson, Neuromancer
Human-machine interfaces (HMIs), extensively researched for the past 40 years, can be sep-
arated into (1) invasive and (2) non-invasive. The former gather signals directly from the user’s
nervous system, via either brain implants or surgical use of electrodes. Despite their ability to
deliver high quality signals, they involve surgery and are associated with sterility and rejection
issues [Di Pino et al., 2009]. The latter are popularly used as they do not involve surgical pro-
cedures and thus have no associated physiological setbacks. Non-invasive interfaces include (1)
surface electromyography (sEMG) [Arieta et al., 2008], (2) electroencephalography (EEG) [Di Pino
et al., 2009], (3) mechanomyography (MMG) [Silva, 2004], (4) sonomyograpy (SMG) [Zheng et al.,
2006], and (5) foot-based control devices [Carrozza et al., 2005].
Surface electromyography is the standard non-invasive interface for controlling upper limb
prosthetic devices. Muscle activation potentials are gathered by electrodes placed on the skin.
These potentials can then be used to control a prosthesis, usually via classification of the user’s in-
tention into control commands. However, sEMG comes bundled with several problems: (1) inter-
participant variability (subcutaneous fat layer thickness, forearm dimensions), (2) arm posture
dependence, (3) electrode displacement, (4) muscle fatigue [Castellini and Der Smagt, 2009, Reaz
et al., 2006, Ahsan et al., 2009], (5) unreliable non-linear methods requiring a large amount of
training data for an accurate recognition rate [Asghari Oskoei and Hu, 2007,Yokoi et al., 2004], (6)
electronic equipment noise and EM radiation [Reaz et al., 2006,Ahsan et al., 2009] and (7) a limited
number of classifiable motions (bandwidth-restricted channel) [Cipriani et al., 2008, Smagt et al.,
2009].
The effect of these problems can be readily observed in the industry. Commercial myoelectric
prostheses commonly use sEMG on the residual muscles of the user for control. However, most
commercially available hand prostheses approximate a simple pincer mechanism, with only one
or two active Degrees of Freedom (DOFs), resulting in poor manipulation dexterity. Even the
recently commercialized multi-fingered I-Limb prosthesis [Touch EMAS Ltd., ] is employing a
single active DOF, with a traditional sEMG scheme where all fingers open and close simultane-
ously.
It is therefore apparent that research into alternative or complementary interfaces is needed in
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Figure 5.1: Game circuit and car detail. The circuit is limited to the external track. In the right
corner the detail of the car at the start line is shown. The car circuit, called “Desert Speedway”
[Juaan, 2011], was modified to make the track uni-vocal and a start/finish line was added on the
track. The car used comes from assets provided by jMonkeyEngine and was directly imported.
order to improve upon two functional requirements collectively: (1) control ease (Section 2.3.1) and
(2) grasp complexity (Section 2.3.3). Such HMIs should further aim to maintain the involvement
balance between user and machine in regards to specific tasks, providing autonomy only where
strictly necessary. A similar form of control architecture is found in the human body, where high-
level cognitive (or voluntary) actions are processed by the brain (e.g. deliberate reach for a cup)
while low level actions (such as reflexes) are processed by the spinal cord (e.g. sudden retraction
of the hand from touching a hot cup).
To this end, we first develop a gaming platform and use it to validate, via a racing game,
the performance of proportional sEMG control over a standard game interface, the keyboard.
Furthermore, we employ a recently resurfaced algorithm, dynamic time warping (DTW) to test
the viability of IMU-based (accelerometer and gyroscope, separately) gesture recognition in the
context of upper-limb prosthetics. Based on results from both studies, we describe the implemen-
tation of a hybrid sEMG-IMU system that improves device ease of use from a control aspect, while
at the same time allowing for a multitude of grasps and control methods to be selected, improving
device grasp complexity.
5.1 Gaming platform development
Electromyographic (EMG) control schemes on the muscles of amputees have been used as a stan-
dard for controlling robotic prostheses for a number of years [Arieta et al., 2008]. While different
EMG control schemes are being investigated [Asghari Oskoei and Hu, 2007] to increase robust-
ness in accuracy and precision, there is little work being done in investigating alternative or com-
plementary sensory paths for control of prosthetic devices, that could serve as a better design
choice for certain control requirements. Computer games have been successfully utilized in ex-
perimental and rehabilitation environments as an effective means of investigating concepts while
providing incentive to their users [Armiger and Vogelstein, 2008, X. and Z., 2010]. Furthermore,
virtual reality provides the ability to test potentially unsafe or unrealistic tasks, such as driving,
in a safe and controlled interactive environment. This is especially motivating for users having to
repeat tasks for rehabilitation or training purposes.
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Figure 5.2: Positions of the sensors: sEMG 1,2 is placed on the long triceps and sEMG 3,4 on the
wrist flexor group muscles. The sensors placed on the triceps muscles are responsible for the
acceleration (right arm) and brake (left arm) of the car; the wrist flexor group muscles manage
the steering, where the right arm sensor steers left and the left arm sensor steers right. Body
visualization is c©Google.
As such, we have developed a game-based platform for the study and comparison of different
control schemes for prosthetic devices [Luminati, 2012]. This platform was used to validate the
hypothesis that real-time proportional control of sEMG signals is (1) intuitive to users and (2) is
comparable to the standard input interface, the keyboard, in the context of the game tested on. It is
built on the jMonkeyEngine [Lambert M. Surhone, 2010], an open-source game engine equipped
with the necessary tools to create immersive 3D-games. The initial input interfaces implemented
in this project, are (1) keyboard, (2) thumb-joysticks and (3) sEMG sensors and have served as the
initial testing interfaces for the platform. Further, an initial game has been created, consisting of
a virtual car racing on a circuit (Fig. 5.1).
The experimental setup consists of the game platform and a Noraxon Telemyo DTS sEMG
sensor system. sEMG data was rectified and low-pass filtered at 5Hz to provide an appropriate
signal for proportional control. sEMG signals were proportionally mapped to the steering range
of the virtual car, 60◦ on either side, and the full range the platform provides for both acceleration
and braking. For identifying the statistical significance of the results, we have conducted a within-
subjects design where ten laps are played by each participant, five using the keyboard (control
group) and five using the sEMG sensors. Furthermore, ten participants, with normal or corrected
vision, no sensorimotor or neurological disorders and no prior experience with an sEMG interface
took part in the study. The muscles selected for the experiment are the long triceps and the wrist
flexor group of both arms (Fig. 5.2). The order of the controller, keyboard or sEMG, used was
randomized to avoid any learning effects of subsequent laps by using the same controller.
To identify statistically significant differences between the controller types used in the experi-
ment and given the non-normal distribution of the data, the Friedman test was used. Significant
differences are found both on lap times and average velocity (p = 1.57) between the keyboard and
sEMG interface, shown in Fig. 5.3. The lap time medians for the keyboard and sEMG interfaces
are 90 seconds and 130 seconds respectively. Average velocity data is inversely correlated with
lap times and thus presents a similar score in the Friedman test. The sEMG interface distributions
are higher than the respective keyboard ones. Furthermore, there is a 40 seconds median differ-
ence of performance between the tests. Lap recovery times between the two interfaces does not
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Figure 5.3: Boxplot of keyboard (1) and sEMG (2) lap times and average velocity. The median lap
time of (1) is 90 seconds, of (2) is 130 seconds. The differences between the controllers are evident.
The whiskers extend to the most extreme data points not considered outliers.
show any statistically significant difference (p = 0.0505), as shown in Fig. 5.4. The data similarity
suggests that the difficulty level of the game is similar for both interfaces.
The small differences in performance seen between the keyboard and sEMG interfaces are
to be expected; the keyboard is a known, standard input interface, while the sEMG interface
was a novelty for all participants. Furthermore, the sEMG interface required some non-intuitive
physical skill and coordination. As a result, the participants displayed increased concentration
efforts and were more cautious, resulting in longer lap times. It could be the case that further trials
or a pre-training session would be necessary to reach a sufficient learning plateau with the sEMG
interface. Irrespectively, the results of this study validate the original hypothesis; proportional
control of sEMG signals is both intuitive to users and comparable to the standard input interface,
the keyboard, in the context of the game tested on.
Based on the above results, such a proportional sEMG interface can be used for the control
of a robotic upper-limb prosthesis, whilst not impeding on the ease of use factor. However, this
interface by itself, impedes on grasp complexity, as it only allows proportional control of a single
function (e.g. opening and closing the hand). It is thus necessary to identify a method that im-
proves grasp complexity, using the proportional sEMG interface for a multitude of functions while
maintaining the control ease it provides.
5.2 Augmenting prosthetic control with IMUs
With the new generation of hand prostheses approximating the human physiological perfor-
mance in terms of movement dexterity and sensory feedback, a significant challenge appears;
identifying methods to utilize the full potential of advanced neuro-prostheses via appropriate
interfaces. The last twenty years have seen upper-limb prosthetic research closely satisfying re-
quirements pervasive in the field such as (1) manipulation dexterity, (2) sensory feedback and (3)
anthropomorphism. Meeting these requirements is imperative for creating a functional, dexter-
ous neuro-prosthesis. Increased manipulation dexterity is necessary for effortlessly performing
Activities of Daily Living (ADLs). Incorporation of rich sensory modalities, both exteroceptive
and proprioceptive, is needed to provide the user with sensory feedback from the interaction of
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Figure 5.4: Boxplot of keyboard (1) and sEMG (2) lap recovery count. The median of 2 for (1) and
3.5 for (2) are close, with lap recovery times between the two interfaces not showing any statisti-
cally significant difference. The whiskers extend to the most extreme data points not considered
outliers.
the prosthesis with the environment [Arieta et al., 2008]. Anthropomorphism serves an impor-
tant role in prosthesis acceptance [Kyberd et al., 2007], lack of which negatively influences the
perception of a prosthesis, both personally and socially.
Engineering and technological advances are providing satisfactory solutions to the above re-
quirements: several robotic hands developed can approximate the physiological performance
of the human hand. As these advanced neuro-prostheses become pervasive, a bottleneck on
the communication interface between the prosthesis and its user is increasingly apparent. In-
terfacing users with dexterous prostheses is a difficult task as it requires either large-bandwidth
communication interfaces to and from the user, or controllers capable of compensating for the
lack thereof [Di Pino et al., 2009]. Surface electromyography, the interface pervasively used in
prosthetic research, is riddled with a number of shortcomings. Acceleration-based gesture recog-
nition, ubiquitously used in wearables and mobile devices, is largely ignored by the upper-limb
prosthetic field. Our goal is to establish gesture recognition as an intuitive and efficient human-
prosthesis interface.
While Inertial Measurement Units (IMUs) are ubiquitously used for gesture recognition in
hand-held devices [Wobbrock et al., 2007,Kela et al., 2006], and are just making their appearance in
rehabilitation [Zhang et al., 2009], there is little to no attention from the upper-limb research field.
We argue that we can utilize the acceleration and angular velocity domains of IMUs to positively
influence grasp complexity, while simultaneously not impede the control ease of a prosthetic device.
IMU-based control is a very good candidate for complementing existing interfaces used to control
an upper-limb prosthesis. With a large body of research devoted to gesture recognition using
IMUs for hand-held devices and game controllers, and with significantly high recognition rates,
the potential is there to be exploited.
In [Dermitzakis et al., 2011a,Dermitzakis and Arieta, 2011] we used gyroscopes and accelerom-
eters to (1) explore the viability of a recently-resurfaced algorithm, dynamic time warping (DTW)
[Myers and Rabiner, 1981, Sakoe and Chiba, 1990] as a classification method for upper-limb pros-
thetics and (2) look for appropriate sensor locations on the body. DTW was extensively used in
speech recognition research during the period of 1970-80 [Myers and Rabiner, 1981]. As DTW
is very effective for personalized gesture recognition with limited training data, inter-participant
variability, sensor displacement and algorithmic complexity are not an issue. Further, muscle
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fatigue effects and equipment noise minimally affect the acceleration space.
To identify whether DTW has a restrictive limitation on the number of gestures1it can classify,
we used a selection of 22 distinct gestures. They are divided into two groups, categorized as
artificial and natural gestures. The first group consists of simple 2D shapes (e.g. circle, triangle
and square) modified from the group in [Kela et al., 2006]. The second group consists of complex,
natural motions from the Wolf Motor Test [Wolf et al., 1989]. The entire set of twenty-two gestures
is performed on two planes, and two movement conditions: (1) free-arm (NS) and (2) with a
donned prosthetic socket (S) , modified for healthy participants).
(a) Circle (b) Triangle (c) Square (d) Hourglass (e) NG
Figure 5.5: Starting condition of gesture primitives used in this study. The red circle on the natural
gestures primitive is provided as timing information to the participants. The first four primitives
define a set of two gestures: a clockwise and counter-clockwise motion traversing the gesture
path. The fifth primitive defines two gesture sets: an endpoint movement from mouth to target
and reverse and an endpoint movement from rest to target, and reverse.
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
(a) Front view
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(b) Side view
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(c) Rear view
Figure 5.6: IMU sensor placement. Body visualization is c©Google. Five locations were chosen for
the sensors: (1) the wrist, (2) the lateral epicondyle area of the humerus, (3) the supra acromion
bursa (region of attachment between scapula and clavicle), (4) the T1 vertebrae and (5) the fore-
head. IMU1 measures forearm movement and IMU2 upper arm movement. IMU3-5 were used
to identify whether respective scapular, upper-back and head movements are involved in upper
limb motions.
1By gesture in this context we mean free-space hand movements in 3D space. Such movements are, for this definition,
usually preceded and followed by a non-movement period.
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Table 5.1: Gyroscope and accelerometer DTW median (x˜), mean (x¯) and standard deviation (σ)
recognition rates (%) for each sensor (S1-S5) and each socket condition (NS, S).
Gyroscope Accelerometer
NS S NS S
x˜ x¯ σ x˜ x¯ σ x˜ x¯ σ x˜ x¯ σ
S1 100 94.98 12.89 100 93.54 14.23 100 98.3 7.8 100 95.8 12.2
S2 100 97.53 8.74 100 96.04 10.39 100 95.7 12.3 100 89.3 19.2
S3 100 90.16 19.12 100 89.46 19.42 88.9 82.7 23.1 88.9 77.5 26.1
S4 88.89 81.93 22.79 88.89 80.44 24.29 88.9 78.1 24.6 77.8 74.3 26.3
S5 66.67 64.20 28.21 66.67 60.40 30.01 66.7 66.2 28.8 66.7 62.6 30.7
The artificial gestures are displayed as the first four primitives shown in Fig. 5.5. Each primi-
tive defines a set of two gestures: a clockwise and counter-clockwise motion traversing the gesture
path2, with the red circle defining the starting point. They collectively define a total of 8 gestures
per plane. The fifth primitive shown in Fig. 5.5 defines two gesture sets. The first set consists
of an endpoint movement from mouth to target and reverse. The second consists of an endpoint
movement from rest (arm is resting vertically with the forearm held horizontally, parallel to the
right femur when sitting) to target, and reverse. They define a total of six gestures (4 for the XZ
plane and 2 for the XY plane). The rest-to-target gesture set was not used on the XY plane due to
the close proximity of the rest and target areas.
Based on our findings, DTW classification using a gyroscope or accelerometer is a viable
method for controlling an upper-limb prosthesis. Gyroscope results indicate an optimal classi-
fication rate of 97.53%, σ = 8.74 and accelerometer results indicate an optimal classification rate
of 98.3%, σ = 7.8 using sensors located proximal to the endpoint performing a gesture with a
library consisting of 22 distinct gestures. Table 5.1 shows the median (x˜), mean (x¯) and standard
deviation (σ) of the recognition rates for each sensor and each motion condition.
For the library chosen, recognition rates for the upper-arm sensors are very high, both with
and without the socket. While current sEMG systems can guarantee reliable classification of up to
six classes [Cipriani et al., 2008], the number of gestures used in this study showcases the potential
of the DTW algorithm in this context. The natural gesture set indicates a second advantage over
traditional non-invasive interfaces. With DTW classification, controlling a prosthesis to grasp an
object would stem as a direct consequence of a contextual user behaviour, e.g. an intuitive reach-
ing motion. In contrast, to achieve a similar result using sEMG, a multiplicity of sensors would
have to be employed, with a large volume of training data needed and questionable classification
rates.
Finally, a detail that should be documented is the existence of apparent planar separation
in the variability recognition rates for all IMU sensors examined. For instance, looking at the
confusion matrix of the forehead sensor in Fig. 5.7, we can see that the data variability of each
gesture is contained in that gesture’s respective plane. This at a first glance can be considered as
an effect of the head oriented towards the screen while performing the gestures. However such
attribution would not explain the planar separation that also exists in the remaining sensors. To
this end, we propose that sensors distal to the gesture endpoint could also be used to reliably
provide additional information (e.g. planar separation), which, albeit small, can nevertheless aid
a more general control scheme.
2For the hourglass primitive, we define clockwise motion as the path taken by traversing the diagonal first, and
counter-clockwise motion the path taken by traversing the lower horizontal first.
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Figure 5.7: Confusion matrix of DTW recognition rates for sensor 5 (forehead). The recognition
rate variability of gestures is contained within their respective plane (indicated by the highlighted
areas).
5.3 Hybrid sEMG-IMUs HMI
Based on the previous two case-studies and their experimental results and having tested the vi-
ability of each control interface individually, the final step consists of integrating them such that
negative factor influences of each are eliminated. On one hand, by creating a hybrid interface the
grasp multiplicity disadvantage of just using a single EMG sensor is eliminated. On the other
hand, the ease-of-use disadvantage of using acceleration signals to control a prosthesis with some
particular objects (e.g. glass of water, typing) is also eliminated by using the proportional sEMG
interface control. The two interfaces complement each other very well and provide a result that
is much more than the sum of parts, overcoming some of the negative effects of the trade-offs
between device dexterity and in particular grasp complexity and control ease. For some tasks, ac-
tuating the hand while keeping the limb still is required (e.g. typing). For these types of tasks,
a hybrid sEMG and DTW classifier could be better suited. At the same time, such a hybrid con-
troller could see a potential increase in classification rates, difficult to obtain with a sEMG interface
alone.
In this light, we have created a real-time hybrid sEMG-IMU system, which takes advantage
of (1) the large gesture library of IMU classification (tested with 22 distinct gestures) and (2)
the simplicity and robustness of proportional control using a single sEMG sensor proportion-
ally [Dermitzakis and Arieta, 2011]. As a substitute to sEMG classification, it not only effectively
negates problems commonly encountered, but also serves as an intuitive human-prosthesis inter-
face. High recognition rates and direct access to contextual information, in conjunction to minimal
computational costs and minimal application-dependent issues make it a key method that is yet
to be fully exploited in upper-limb prosthetic research.
The real-time hybrid sEMG-IMU system is shown in Fig. 5.8. Upon first operation of the sys-
tem, the user creates a gesture library containing their desired gestures in either the 3D acceleration
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Figure 5.8: Real-time hybrid sEMG-IMU system architecture. The system incorporates both con-
trol systems described in the previous sections, the real-time sEMG proportional system (Section
5.1) and the real-time IMU gesture recognition system (Section 5.2).
or angular velocity spaces, as presented in Section 5.2. After the gesture library is created, the user
is free to map the recorded gestures to a variety of grasp categories, taken from Cutkosky’s clas-
sification [Cutkosky, 1989]. Furthermore, the user has the option of mapping a specific gesture to
different proportional control modes, choosing between force, speed and position control. Once
the desired mappings are saved they are persistent across device power-cycling and can also be
further modified according to user preference.
Once the user has assigned all intended grasps and control modes, he is free to use the pros-
thesis via the proportional sEMG control presented in Section 5.1. The user can switch at any
time to a particular grasp category via the real-time IMU recognizer and proportionally control it
via the proportional sEMG system. This control method is highly robust, both to perturbations
and recognition accuracy and allows fast, real-time control of a multi-actuated dexterous robotic
prosthesis. In turn, it allows for both increased control ease and improved grasp complexity, while
not affecting other factors or introducing additional trade-offs. Additionally, the simplicity of the
algorithm can potentially contribute to device autonomy as the reduced processing requirements
provide room for energy efficient microprocessors to be used.

Chapter 6
Discussion
“Twas a hand
White, delicate, dimpled, warm, languid, and bland.
The hand of a woman is often, in youth,
Somewhat rough, somewhat red, somewhat graceless in truth;
Does its beauty refine, as its pulses grow calm,
Or as sorrow has crossed the life line in the palm?”
- Owen Meredith (Lord Lytton), Lucile (1860), Part I, Canto III, Stanza 18.
6.1 Summary of the results
In this thesis we proposed to identify ways of improving the design of upper-limb prostheses
with the principal goal of improving the acceptance of robotic upper-limb prostheses. In order
to do so, we (1) identified the factors responsible for prosthesis acceptance. Furthermore, rather
than optimizing for a particular functional factor using a standard engineering approach, we
(2) examined the biomechanics of the human hand and looked for principles that underlie its
function that could be used in a robotic prosthetic system. Finally, we (3) evaluated the viability
of a novel hybrid sEMG-IMU HMI, that was designed to improve both the ease of use and the
dexterity of a robotic prosthesis.
To this end, we have identified four major categories of factors influencing prosthesis accep-
tance: clinical, cultural, personal and functional. Of these, functional factors are in direct rela-
tion to the design and engineering of robotic prostheses; the functional factors related to upper-
limb prosthesis acceptance being device weight, autonomy, anthropomorphism, force output, actuation
speed, grasp complexity, cost, reliability, control ease and sensory feedback. Each is critical, and should
be taken into account during the design of robotic upper-limb prostheses. However, care should
also be taken as trade-offs between the factors exist, posing additional constraints into the system.
For instance, dexterity factors (actuation speed, force output and grasp complexity) conflict not only
with each other but also with respect to device weight, autonomy and control ease and thus their
inter-relations need to be drawn out and considered during the design of a robotic prosthesis.
We first examined the relation of torque and force output of man-made actuators. We have
identified two scaling regimes, which, if related to actuator fatigue and run-time, can pose an
upper-limit on the torque/mass ratio of man-made actuation systems. Based on these findings,
we looked into the biomechanics of the human hand in order to identify alternative or comple-
mentary methods to collectively improve device weight, force output and autonomy while minimiz-
ing the constraints introduced by inter-factor trade-offs. We created a model that describes the
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tendon-pulley frictional effect observed in human fingers and have validated it against physi-
ological data; showing that it allows the human finger to produce a higher output force at the
fingertips at a post-eccentric configuration. This fact makes us question the ongoing principle of
minimizing tendon-pulley friction in robotic and prosthetic tendon-driven hands.
To avoid the unwanted frictional effects during fine manipulation tasks as described in Sec-
tion 4.2, we have created a variable friction pulley device that only introduces large frictional
forces during large external loads. This functionality serves the purpose of maintaining low
tendon-pulley friction during fine manipulation tasks, i.e. it does not affect device control ease,
whilst introducing high-frictional forces under high-loaded configurations, where the majority of
grasps performed is of an eccentric nature. As such, it provides an output force advantage that is
beneficial for device weight and autonomy while maintaining force output.
Finally, we looked into the influence ADLs have on the range of motion and workspace vol-
ume of the human thumb. We used kinematic models from literature to first identify the maxi-
mum RoM volume of the human thumb. Following, we selected a number of grasps common dur-
ing ADLs to define a workspace RoM which we then used to generate the functional workspace of
the human thumb. Finally, comparing the maximum and functional workspaces, we can identify
a 76% volume reduction.This fact introduces the possibility to massively reduce the workspace
volume that a prosthetic thumb needs to satisfy, bringing a number of advantages. In robotic
prostheses, the reduced angular RoM allows for the use of smaller output drives (be it pulleys or
gears), in turn maintaining the available force output supplied by the motors while decreasing de-
vice weight. The second advantage is the possibility of optimising a robotic thumb by reducing its
actuated DOFs while still satisfying the grasp-specific thumb end effector work space; this would
reduce the number of actuators required, further reducing the weight and bulk of a device, whilst
simultaneously increasing its autonomy and reliability.
To evaluate the developed hybrid sEMG-IMU human machine interface, designed to improve
the control ease and grasp complexity of a robotic prosthesis, we first created a game platform with
an aim of evaluating the viability of proportional sEMG control over the standard input method;
results indicate that proportional sEMG control provides comparable performance to the stan-
dard input method, the keyboard. Furthermore, we examined the viability of a computationally
cheap gesture recognition algorithm, Dynamic Time Warping (DTW), for classifying a library of
user gestures. Despite the large size of the gesture library, DTW can provide extremely high
recognition rates in comparison to classical sEMG pattern recognition and is viable for use in a
prosthetic system. Based on these results, we have constructed a hybrid sEMG-IMU system where
the gestures the user performs are used to identify a particular grasp class or a prosthesis control
method. Once an appropriate grasp class or control method has been selected, proportional con-
trol of a single sEMG sensor is used to perform that grasp using the selected control method. This
system is robust, runs in real-time using minimal computational power and requires no signifi-
cant training. As such, it improves HMI control ease, while at the same time allows for a multitude
of grasps and control methods to be selected, improving grasp complexity.
6.2 Importance of functional factors for acceptance
Despite recent advancements in robotic hand prototypes, upper-limb prosthesis acceptance is still
an open issue. While cultural, clinical and personal acceptance factors are difficult to address in
the context of robotics research, functional factors are in direct relation to the design and construc-
tion of robotic prostheses. However, current robotic prosthetic research falls short by addressing
the design and implementation of a robotic prosthesis from an engineering viewpoint.
One of the goals of this work was to document and categorize the functional factors of upper-
limb prosthesis acceptance and the trade-offs between them, highlighting their importance. We
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furthermore showcased that by collectively considering functional factors and their trade-offs,
while exploiting biomechanical principles and novel control methods, we can positively influence
these factors in a way where trade-offs between them are not affected or new ones introduced;
in turn positively influencing prosthesis acceptance itself. Although the approach taken in this
work involves a number of assumptions and simplifications, it conceptually highlights important
aspects of this design methodology, not often taken into account.
Through this work we have shown that treating robotic upper-limb prostheses as an engi-
neering problem is clearly not sufficient. Research should instead shift towards an acceptance-
oriented approach, as the one taken in this work. By providing a categorization of the functional
factors and the trade-offs between them, future focus should be placed on attempting to improve
factors and trade-offs between them collectively. In turn, this would maximize the likelihood that
designs identified by this methodology will be easily transferable and beneficial in the real world,
improving the quality of living for their users. Ultimately, this work serves as a pilot study into
the design and construction of robotic prostheses and tendon-driven robotic systems in general
while employing an acceptance-oriented approach.
6.3 Upper-limb prosthesis design guidelines
A number of design guidelines emerged and were formulated as a result of our case studies.
These guidelines, presented below, can be used to improve the design of current and future upper-
limb prostheses and consequently, improve acceptance rates.
6.3.1 Actuator mass versus torque output
We can use the two scaling regimes between actuator torque output and mass presented in Section
4.1 to describe the minimum required mass for a robot. The mass can be fully defined by the
maximum torque required for actuating it for performing its corresponding tasks. If mrob is the
mass of the robot then mrob = mmot +mstr +mel +mbat, where mmot is the mass of the actuators,
mstr is the mass of the mechanical structure, mel the mass of electronics including sensors and
mbat the mass of the battery for an autonomous, battery-operated robot.
For a fixed runtime, mbat depends on mmot,mbat = ammot. Assuming that the mechanical
structure excludes the gearbox or any actuation related mechanism, then the mechanical structure
depends on mmot,mstr = bmmot. For macroscopic scale robots, the weight of the electronics is
mostly negligible, so can be replaced by a constant c. Finally, we have that mrob = (a + b +
1)mmot + c. Even though a considerable number of assumptions must hold for the above, it is
a reasonable rough approximation in terms of calculating the mass of a robot during the design
phase.
6.3.2 Tendon-driven prosthetic design
Characterization of high-loaded conﬁgurations
There is clearly a benefit of frictional over non-frictional tendon-driven systems for post-eccentric
configurations. Currently no such post-movement categorization exists in literature. To create
such a categorization, a task characterisation for the given system is necessary. In the case of
robotic hands, such a task space can be defined as the grasp taxonomy of the human hand.
There is a number of such taxonomies, with Cutkosky’s being one of the most prominent in
robotics [Cutkosky, 1989]. In addition, a different categorization exists for upper limb prostheses,
identifying Activities of Daily Living (ADLs), with the Wolf Motor Test being widely used [Wolf
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et al., 1989]. In this case, ADLs would need to be decomposed to an appropriate grasp class where
we can then look for post-movement configurations. The results of Matsumoto et al. [Matsumoto
et al., 2011] is definitely a step in a good direction as it indicates that the majority of high-loaded
daily life activities are of an eccentric nature. However, further studies regarding grasp configu-
ration are necessary.
Exploiting tendon-pulley friction
The frictional effect described in Section 4.2.1 allows the human finger to produce a higher output
force at the fingertips at a post-eccentric configuration. Considering this fact, we question the
ongoing principle of minimizing friction in robotic and prosthetic tendon-driven hands. During
high-loaded post-eccentric configurations, a tendon driven robotic device can be assumed to be
operating at its maximum load.
In this case, we can reduce the size and weight of the actuators (assuming a linear relationship
of mass-torque [Dermitzakis et al., 2011c]) compared to a non-frictional system, while being cer-
tain that low to medium load configurations will not be affected by such a reduction. Assuming
a frictionless model of a robotic hand, the tendon force Ftendon required to maintain an external
load Ftip can be calculated. An appropriate choice of an actuator can then be made that will satisfy
the requirement of maintaining the external load. By simply modifying the transmission system
to a frictional tendon-pulley system, and as F ecctendon > F
µ=0
tendon, the actuator force capabilities and
thus size can be reduced. At the same time, we still satisfy the requirement of maintaining the
original external force Ftip.
Alternatively, by maintaining the size and correspondingly the force capabilities of a friction-
less system, we can increase the maximum eccentric holding load by incorporating a frictional
tendon-driven system at no expense. Given an actuator with Ftendon able to maintain Ftip for a
near-frictionless system, by incorporating friction in this system and as F ecctendon > F
µ=0
tendon, the Ftip
that can now be maintained is higher.
Adaptive friction switch
The adaptive tendon-pulley system described in Section 4.2.2 displays friction switching at par-
ticular external loading thresholds and can be used in such a way that friction is not present
in unfavourable situations (e.g. low-loaded configurations). This system can be exploited in
any tendon-driven device that requires asymmetric maximum force production, and in particular
hands, as it can reduce the actuator size required to achieve a specific maximum force. In turn
it can reduce the total device weight. Such a system is able to exploit friction under beneficial
circumstances and minimize it otherwise. However, even though the intended behaviour of the
friction switch is verified, we still need to gain a fundamental understanding of the parameters
affecting the frictional switching properties: transition range, force spread and transition thresh-
old. Finally, it would be worthwhile to incorporate the property of directional friction, such that
any potential force output disadvantage at post-concentric configurations is minimized.
Force output metric of frictional tendon-driven systems
The standard metric for characterizing the force capabilities of robotic prosthetic hands involves
measuring either the grasp force of the entire hand [Carrozza et al., 2004,Gosselin et al., 2008,Dal-
ley et al., 2009] or the pinch force between the thumb and the index finger [Takaki and Omata,
2009, Lee and Wu, 2010]. As was described in Section 4.2.1 however, for tendon-driven robotic
hands, what those measurements display is in fact the concentric fingertip force, F conctip , as friction
6.3 Upper-limb prosthesis design guidelines 41
between the tendons and the pulleys is not zero. If it is indeed the case that high-load configu-
rations involve eccentric movements in their majority, friction will have a positive effect in such
systems. Furthermore, the actual force capability of such a system for high-load configurations
should in fact be defined by the eccentric fingertip force F ecctip , where F
ecc
tip = F
µ=0
tip + λT . The
model presented in Section 4.2.1 can be used as a basis to identify the frictional influence of any
such robotic system.
6.3.3 Robotic thumb optimization
Human thumb kinematic models
It may be possible to reduce the actuated DOFs of a robotic thumb while still satisfying the grasp-
specific thumb end effector work space. If possible, this would result in a weight reduction of
a robotic hand prosthesis, whilst it would simultaneously increase its autonomy and reliability.
However, selecting a suitable optimization target for a robotic thumb is not trivial. The four mod-
els presented in Section 4.3 represent a particular proportion of the sample population. Simply
combining the RoM of all four models would optimize a robotic thumb to be capable of perform-
ing as good as all human thumbs. This is both unnecessary and uneconomical, as a union of all
point clouds yields a workspace volume of 731 cm3, which is 41% greater than the Type III model
volume, the largest in the selection; it also has little anatomic meaning. Instead, by satisfying
the RoM of one human thumb type would be sufficient. The type III model would be the best
candidate for using as an optimization basis, as it generates the largest workspace volume and
represents nearly one third of the examined sample population.
Human thumb kinematic studies
There are still great disparities in academic research into the kinematics of the human thumb.
Whilst it has been demonstrated that the revolute axes representing the human thumb joints
are non-orthogonal and non-intersecting, much of the current work in documenting the RoM
of the thumb joints assumes ideal orthogonal intersecting axes. Moreover, studies concerning the
thumb axes orientation and RoM are carried out separately, complicating the attempt to read-
across datasets. This introduces a great deal of uncertainty into the process of modelling the
human thumb. We strongly suggest that subsequent studies are carried such that the RoM of the
thumb joints are documented about anatomically-accurate axes.
Workspace volume metric
Based on the study presented in Section 4.3, the thumb workspace volume can be used as a guide-
line during the design phase of a dexterous prosthetic robotic hand. Up to 76% of the available
RoM of the human thumb is not utilized when performing basic activities such as the six indi-
vidual grasps considered in the study. This fact introduces the possibility to massively reduce
the workspace volume a prosthetic thumb needs to operate in, based on the number of grasps
required, and carries a number of advantages. For robotic prostheses, having a reduced angular
RoM facilitates the selection of smaller output drives or actuators, in turn reducing device weight
whilst maintaining the required torque supplied. Alternatively, keeping weight and torque con-
stant, actuation speed can be increased.
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6.3.4 Hybrid sEMG-IMU systems
The hybrid sEMG-IMU interface has been shown to be a viable method for controlling an upper-
limb prosthesis. The single, proportionally controlled sEMG sensor is very intuitive, error-free
and requires no training. Furthermore, the large library size and extremely high recognition rates
using DTW IMU gesture classification, make such a system significantly better and preferable to
current corresponding sEMG systems (e.g. only guaranteeing up to six different classes) [Cipriani
et al., 2008], showcasing the potential of our approach.
Furthermore, by incorporating a natural IMU gesture set, controlling a prosthesis to grasp an
object would stem as a direct consequence of a contextual user behaviour, e.g. an intuitive reach-
ing motion. In contrast, to achieve a similar result using sEMG, a multiplicity of sensors would
have to be employed, with a large volume of training data needed and questionable classification
rates. This would negatively influence device autonomy and control ease.
As expected, gesture recognition rates are reduced when moving away from the endpoint
performing the motion. We would thus recommend the main sensor used for classification to be
as close as possible to the endpoint of the limb performing a gesture. Even though in our studies,
presented in Section 5.2, chance level is 1/22 (or 4.5%), indicating that 60% accuracy is not bad, as
a recognition rate is not at all practical.
Chapter 7
Conclusion
The still existing tremendous gap between the natural biomechatronic system of the human hand
and artificial anthropomorphic hands will be preoccupying the research in this field for a long
while. Despite recent advancements in robotic hand prototypes, upper-limb prosthesis accep-
tance is still an open issue, with current robotic prosthetic research falling short by not collec-
tively addressing the design and implementation of a robotic prosthesis. In this thesis we identi-
fied ways of improving the design of upper-limb prostheses with the principal goal of improving
prosthesis acceptance. Rather than optimizing for a particular factor, as per the conventional
engineering approach, we collectively addressed the most important functional factors: device
weight, force output, autonomy, control ease and grasp complexity. To achieve our goal we performed
two large-scale case studies: (2) exploiting biomechanical properties of the human hand through
the concept of "morphological computation" and (3) by following a "cheap design" approach towards
human-machine interfaces for prosthetic devices.
To collectively address device weight, force output and autonomy we investigated the tendon
system of the human hand, modelled the effects of tendon-pulley friction and showed that friction
can be of great benefit in tendon-driven robotic systems. Without increasing the overall weight
of the system, and by only taking the tendon-pulley frictional phenomenon into account, we can
increase force output of the system for eccentric configurations. Furthermore, we presented an
adaptive pulley system that displays friction switching at particular external loading thresholds,
can reduce actuator size required and in turn can reduce total device weight, a primary functional
factor for device acceptance. Additionally, we showed that by considering relevant ADLs for
daily living activities, we can reduce the workspace volume of a robotic thumb up to 76% of the
maximum thumb volume, further reducing device weight. All of the weight reductions achievable
with the above methods are novel in the sense that they do not impede on either force output, speed
or grasp complexity; this would not have been made possible without the acceptance-oriented
approach taken during this work.
To collectively improve upon device control ease and grasp complexity, we first evaluated the
viability of proportional sEMG control. Secondly, we examined the viability of a computationally
cheap gesture recognition algorithm, Dynamic Time Warping (DTW), for classifying a library of
user gestures. Based on our results, we have constructed a hybrid sEMG-IMU system where the
gestures the user performs are used to identify a particular grasp class or a prosthesis control
method, which is then proportionally controlled using a single sEMG sensor. This system is
robust, runs in real-time using minimal computational power and requires no significant training.
As such, it improves HMI control ease, while at the same time allows for a multitude of grasps and
control methods to be selected, improving grasp complexity.
The focus of this work has been to highlight the importance of functional factors for upper-
limb robotic acceptance and the trade-offs between them. Through our case-studies, we show-
cased that by collectively considering functional factors for the design and development of upper-
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limb robotic prostheses, and by utilizing the concepts of "morphological computation" and "cheap
design", novel solutions can emerge that not only improve upon these factors, but do so without
negatively affecting or introduce additional trade-offs. Furthermore, through this work, we iden-
tified concepts and suggested design guidelines that can be of benefit to future upper-limb robotic
prosthetic research. Ultimately, this work serves as a pilot study into the design and construction
of robotic prostheses and tendon-driven robotic systems while employing an acceptance-oriented
approach where functional factors are considered collectively.
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Abstract
Scaling laws are pervasive in biological systems, found in a large number of life processes, and across 27 orders of magnitude.
Recent findings show both biological and engineered motors adhering to two fundamental regimes for the mass scaling of maximum
force output. This scaling law is of particular interest for the robotics field as it can affect the design stage of a robot. In this study
we present data of motors commonly used in robotic applications and find an adherence to a similar power law of mass scaling
of maximum torque output in two groups, group a, (Ga ∝ m1.00) and group b (Gb ∝ m1.27). Findings imply that there could exist
an upper motor limit of maximum specific torque/force that should be taken under consideration in robot design. Additionally, we
show how a robot’s minimum mass can be calculated with motor mass being the only necessary parameter.
© Selection and peer-review under responsibility of FET11 conference organizers and published by Elsevier B.V.
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1. Introduction
A major part of the design process of a robotic system requires identifying a number of relevant parameters, such
as (1) energy consumption, (2) weight, (3) material selection, (4) actuator torque, (5) dexterity and defining them for
a robot performing a specific task. In a number of cases, some of these requirements are completely disregarded as
not relevant to the robot or task at hand. For example, the material used to design robotic hand manipulators is mostly
metal, chosen for its high structural strength. However, this choice of material affects all other parameters of the design,
e.g. weight and actuator torque required. It also, in turn, severely limits the task space of the robot itself. In the above
example, such a robotic hand would probably not be acceptable for use in prosthetic research with human subjects,
due to its increased weight and limited power autonomy. We speculate that the inter-relation of the above parameters
can be optimized by identifying potential scaling laws that are present.
Life processes cover more than 27 orders of magnitude in mass scale, from molecules to whales. Despite the large
degree of complexity, observations indicate that the coarse-grained behaviour of such processes is dictated by universal,
quantifiable laws that capture essential features of these systems [1], [2]. Scaling laws identified are relating mass to a
diverse number of processes, from a species lifespan, growth rate, heart rate, DNA nucleotide substitution rate, genome
and aorta length [2], to metabolic rate [3], tree respiratory metabolism [4] and bone length [5], [6]. Recent findings
outline a scaling law of the maximum specific force of both biological and engineered actuators [7], [8] whereby
motor force either scales allometrically with the cross section of the motor (G1 ∝ m0.667, including winches and linear
actuators), or isometrically (G2 ∝ m1.00, including piston engines, electric motors and jets) with motor mass. This law
E-mail addresses: dermitza@if.i.uzh.ch (K. Dermitzakis), carbajal@if.i.uzh (J.P. Carbajal), jhm10@psu.edu (J.H. Marden).
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Figure 1. Motor maximum torque (Nm) versus motor mass (Kg) for a variety of motors.
is of particular interest for the robotics research field, as it can affect the design phase of robots. In this study, we aim to
identify whether the maximum specific force scaling law mentioned above holds for motors that are pervasively used
in robotics, and if so, how it can influence the design process of robotic systems.
2. Actuators in Robotics
The main criteria that define motor selection in robotic design are (1) the type of motor, (e.g. electric, pneumatic
or hydraulic), (2) the Fmax required as calculated by the maximum load of the robot for its given task and (3) motor
pricing. In what is established as synthetic methodology [9], where design of robots is driven by on-line optimizations
during robot construction, motors of choice are usually on the lower end of the price scale. In contrast, with classical
robot design, high-end motors in terms of performance are used, also reflected by their pricing. In this study we
focus on rotary electric motors, consisting of (1) popular hobby servo motors (RC servos) and (2) a high-end motor
manufacturer, Maxon motor. The former are on the lower price range, light, popularly used in hobby modeling but also
in robotics, while the latter are higher in price, heavy-duty and mostly used in robotics and automation.
Data included in this study consists of 497 motors from six companies (Futaba, Hitec, GWS, JR, Robotis, Maxon),
with 322 RC servos and 175 motors spanning 12 power scales (from 0.3 W to 250 W). Values were taken from
specifications given from the respective companies.
The relation of motor maximum torque (tmax) to motor mass is shown in Fig. 1. Two distinct regimes of maxi-
mum torque scaling with mass are apparent. Group a motors (RC servos) have maximum torque outputs that scale
isometrically with motor mass (Ga ∝ m1.00, R2 = 0.74). Motors in this group include a rotary electric motor plus a
gearbox. Group b motors (Maxon) have maximum torque outputs that scale allometrically to motor mass (Gb ∝ m1.27,
R2 = 0.96). Motors in this group consist of only rotary electric motors, without a gearbox.
3. Discussion
The two regimes regarding motor maximum torque comes in accordance to previous findings [7], [8] regarding
motor maximum specific force. For RC servo motors, it is difficult to calculate an objective maximum specific force
due to the fact that the output shafts of the motors do not scale with motor mass, they rather come in three to four
57
252 K. Dermitzakis et al. / Procedia Computer Science 7 (2011) 250–252
standard scales, for manufacturing purposes. One potential solution would be to use the provided levers (servo horns),
that vary for each motor, to calculate the respective maximum specific force.
The large dispersion of Ga motors that is apparent around 10−1 Kg is surprising. We hypothesize that it can be
explained by fatigue studies that would indicate whether motors with higher specific maximum torque will fail faster
than their lower maximum torque counterparts in this scale. If this hypothesis is true, it would mean that motors that
have an increase of maximum specific torque exchange it for a reduced number of load-life. Of note here is that for
each power scale of Gb, there are motors with identical mass that deliver different torques. From the specifications
acquired it is apparent that mass does not change as much as other parameters that show a significant change (resistance,
inductance, speed constant). This potentially explains the dispersion observed on maximum torque for Gb.
The above results can be used to describe the minimum required mass of a robot, which can be almost fully defined
by the maximum torque required for actuating it and performing its corresponding task. If mrob the mass of the robot
then mrob = mmot + mstr + mel + mbat, where mstr is the mass of the mechanical structure, mel the mass of electronics
including sensors and mbat the mass of the battery (for an autonomous robot). For a fixed runtime, mbat depends on
mmot, mbat = ammot. If we assume the mechanical structure excludes the gearbox or any actuation related mechanism
(we assume that Ga motors are used), then the mechanical structure is also dependent on mmot, mstr = bmmot. For
macroscopic scale robots, the weight of the electronics is usually negligible, so can be replaced by a constant c. Finally,
we have that mrob = (a + b + 1)mmot + c. Even though a large number of assumptions must hold for the above, it is a
reasonable rough approximation in terms of calculating the mass of a robot during the design phase.
4. Conclusions
In this study we show there exists a scaling law describing the maximum specific torque of engineered actuators
that are pervasively used in robotics. Further studies will aim to explain the reason behind the two different groups of
motors apparent. If it is indeed the case, as speculated by Marden et al. [7], that the two groups are related to fatigue
and load-life of these motors, it would imply an upper limit of maximum specific torque for any given scale, that should
be taken into consideration in robotic design. In addition, further research should focus on whether other such scaling
laws exist in robotics (for instance limb length), and whether they are linked to the above law.
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Abstract Physiological studies of the human finger indicate that
friction in the tendon-pulley system accounts for a considerable fraction
of the total output force (9–12%) in a high-load static posteccentric
configuration. Such a phenomenon can be exploited for robotic and
prosthetic applications, as it can result in (1) an increase of output force
or (2) a reduction of energy consumption and actuator weight. In this
study, a simple frictional, two-link, one-degree-of-freedom model of
a human finger was created. The model is validated against in vitro
human finger data, and its behavior is examined with respect to
select physiological parameters. The results point to clear benefits
of incorporating friction in tendon-driven robotic fingers for actuator
mass and output force. If it is indeed the case that the majority of
high-load hand grasps are posteccentric, there is a clear benefit of
incorporating friction in tendon-driven prosthetic hand replacements.
1 Introduction
The field of robotic prosthetics research is continuously marking progress toward functional hand re-
placements for amputees, with prototypes close to attaining functionalities similar to those of the human
hand [4]. Despite the advance attained, however, approximately 20–40% of users of such robotic (usually
myoelectric) prostheses reject them [6, 28, 44]. This is due to inherent real-world requirements that
are usually not taken into consideration [10], such as (1) low power consumption, (2) low device weight,
(3) high dexterity, and (4) ease of use. We argue that by studying the morphology and the biomechanics
of the human hand, we can identify and exploit principles [34] that can be used to create devices that can
be of use in the real world. Toward such an aim, we investigate the presence of friction in the human finger
tendon-pulley system and its importance with regard to the force capabilities of the finger itself.
Tendon-driven robotic systems are usually designed and constructed so that the influence of
mechanical friction is minimized. In particular, tendon-driven robotic and prosthetic hands utilize
Teflon- or nylon-coated cables and pulleys, and aim toward frictionless tendon transmission. This
is due to friction introducing a number of unwanted side effects, such as (1) nonlinearities [45],
(2) hysteresis effects, and (3) energy and power losses [18, 22, 51]. Designers of robotic hands such
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as the Shadow hand [43], the smart hand [53], and other tendon-driven prosthetic hands [13, 15, 16]
either intentionally try to minimize friction in their systems (especially in the tendon-pulley system),
or consider friction to have no importance in their performance.
In the case of the tendon-pulley system in the human finger, however, friction has been found to be
beneficial. It has been experimentally shown that during high-load flexion of the interphalangeal joints,
eccentric and concentric forces differ by 9–12%, a difference that can be directly attributed to tendon-
sheath friction [41]. In addition, the fact that tendons compress when tensioned, and also the orientation
of tendon and sheath fibers, further contribute to the appearance of frictional forces [50]. An extreme
version of such utilization is present in chiropterans and specifically bats, which employ frictional forces
to dangle on their fingers without the application of muscular force [35, 37, 39]. The tendon locking
mechanism (TLM) provides bats with the ability to lock their digits in place when the tendon is flexed.
This is due to surface properties of tendon and pulley. This locking prevents the digit from extending,
and consequently it maintains contraction of the digital flexor muscles without energy consumption
while hanging.
It is relevant to note the kind of activities in the context of eccentric and concentric configura-
tions. Yoshio Matsumoto et al. [27] recorded a life log of a healthy person and analyzed it based on the
ICF.1 Even though the ICF classification is too vague for some of the activities, a number of them
appear to be eccentric in nature with respect to the fingers, namely, (1) lifting, (2) putting down objects,
(3) carrying in the hands, and (4) pulling. These activities compose the majority of performed actions
during the day of a healthy person, summing to over 60%.
This frictional phenomenon allows the human finger to produce a higher output force at the finger-
tips during an extension movement. Considering this fact, we question the ongoing principle of mini-
mizing friction in robotic and prosthetic tendon-driven hands. If we can characterize and exploit this
phenomenon in robotic and prosthetic systems, it can result in (1) the increase of output force or (2) the
reduction of energy consumption and actuator weight. In this study, a simple two-link, one-degree-of-
freedom (DOF) model of a human finger was created to identify the influence of friction on concentric
and eccentric postmovements in a tendon-driven segment. As we are modeling a biological system, the
design choices are primarily influenced by the biomechanical properties of the human finger.
In Section 2 we start with describing the physiology of the human finger system, including bones,
tendons, and pulleys. We continue by presenting work related to biological modeling in Section 3. In
Section 4 we describe the model and the design choices behind it. In Section 5 we validate the model
against in vitro human data. We then present the modelʼs behavior in Section 6, ending with a dis-
cussion of our findings in Section 7.
2 Physiology of the Human Finger
Overall, the human hand has 27 bones divided into three groups: 8 carpal bones in the wrist, 5 metacarpal
bones, and 14 phalanges of the fingers. The phalanges are three for each digit and two for the thumb.
They are named proximal (PP), middle (MP), and distal phalanges (DP) (with the middle phalanx miss-
ing in the thumb), according to their position. The joints of the human finger are in sequence from
proximal to distal: metacarpophalangeal (MCP), proximal interphalangeal (PIP), and distal interphalangeal
(DIP) joints. Due to the complexity of the muscle actuation of the human hand, here we will merely
mention the two main tendons responsible for finger actuation (involved in most repetitive daily work):
the flexor digitorum profundus (FDP) and flexor digitorum superficialis (FDS).
The FDP tendon passes along the finger through a series of pulleys, which maintain a reasonably
constant moment arm2 [7] for flexing or extending the finger. Before inserting into the distal phalanx,
2 The moment arm is defined as the perpendicular distance from the point of rotation (the joint) to the line of action of the force (the
tendonʼs path).
1 International Classification of Functioning, Disability and Health, also known as ICF, is a classification of the health components of
functioning and disability.
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the FDP passes through a split in the FDS tendon (Figures 1 and 2). The FDP is the only tendon with
the ability to flex all three joints of the finger; in doing so, it provides most of the fingerʼs strength [7].
Although the FDP is the primary finger flexor, the FDS becomes increasingly active as more force is
needed. Due to the complex interaction between the two tendons, we will only consider the FDP
tendon for the upcoming models, as the aim of this work is to highlight the frictional aspects and not
to capture the exact mechanics of the human finger tendons.
2.1 Flexor Tendon-Pulley System
The tendon sheath3 is a double-walled tube, surrounding the tendons and containing synovial fluid.
The sheath provides a low-friction gliding (not to be confused with the friction in the tendon-pulley
system) as well as a nutritional environment for the flexor tendon [20]. The sheath begins at the neck
of the metacarpal phalanx, ends at the distal interphalangeal joint, and is held against the phalanges
by pulleys. These pulleys primarily act to prevent tendon bowstringing4 across the joints during flexion
or extension of the finger.
The pulleys themselves can be divided into three types based on their location: a palmar aponeurosis
pulley, five annular (ring-shaped) pulleys (A1, A2, A3, A4, and A5), and three cruciate (crosslike) pulleys
(C1, C2, and C3). The A2 and A4 pulleys are located on the proximal and middle phalanges, while the
A1, A3, and A5 pulleys are located at the palmar surface of the MCP, PIP, and DIP joints (Figure 3).
The most important pulleys for normal function are the A2 and A4 pulleys, with the A3 and other
pulleys coming into play when A2 and A4 have been damaged [20]. Although the A3 pulley is weaker
and closer to the PIP joint, it is more flexible and stretches, thereby transferring the load to the A2 and
A4 pulleys, which may fail first during high loads [26].
2.2 Eccentric and Concentric Contractions
Although the term contraction implies shortening, when referring to the muscular system it means
muscle fibers generating tension with the help of motor neurons. There are two major categories of
contractions, (1) isometric and (2) isotonic. Isometric contractions occur when the muscle contracts
but there is no resultant limb movement. Muscle contractions that result in limb movement are
known as isotonic contractions. There are two types of isotonic muscle contractions: (1) eccentric
Figure 1. Human finger and its flexor tendons (superficialis (FDS) and profundus (FDP)). Provided by A. Schweizer.
3 The sheath in the human finger is often misnamed in literature or merely confounded with the pulley: The sheath is a tube providing low
friction and will not be addressed here, whereas the pulleys (annular and cruciate) are the main friction contributors to the tendon.
4 The system supplies mechanical advantage by maintaining the flexor tendons close to the jointʼs axis of motion. In doing so, the pulleys
prevent bowstringing. Bowstringing is therefore increasing the distance from the tendon to the jointʼs axis.
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and (2) concentric. Eccentric muscle contractions occur when the muscle contracts but increases
in length. This type of contraction usually occurs in the direction of gravity to control a movement.
Concentric muscle contractions occur when the muscle shortens in length in order to make the limb
move.
Because we will be modeling the tendon-pulley system of the human finger statically, these two terms
will be used a little differently. The term eccentric configuration will be used here for a static configuration
from which an eccentric contraction (resulting in an extension movement) would follow if the fingertip
force Ftip were increased by a very small amount. In contrast, the term concentric configuration will be used
here for a static configuration from which a concentric contraction (flexion movement) would follow if
the fingertip force Ftip were decreased by a very small amount. Why exactly this is the case we will
discuss in Section 4.1.2.
3 Related Work
In 1995, Walbeehm and McGrouther [50] investigated the mechanical interaction of tendon loading
and motion between tendons and the A2 pulley in cadaveric hands. Using scanning electron micros-
copy, they found transverse ridges5 on the inner surface of the A2 pulley and on the palmar surface of
the FDP tendon. The direction of the fibers of the gliding pair demonstrated a preferential direction
for friction because the shape of the tendon and the direction of the fibers changed when the tendon
was under tension. When flexing, the friction would be less, but as soon as the system became static,
or eccentric, the directional angle of the fibers changed to favor friction (Figure 4).
In 1995, Uchiyama et al. presented an experimental setup [48, 49] that allowed direct in vitro mea-
surement of friction at the tendon-pulley interface [12]. Though their results did not perfectly match
their theoretical model, they showed that friction favors the eccentric configuration and measured the
friction in this system (the friction coefficient was 0.040 ± 0.014).
In a sport climbing study [40], A. Schweizer investigated in vivo friction between flexor tendons
and pulleys by comparing the eccentric and concentric maximum strengths of flexion, both in the
PIP joint and in the wrist joint, with an isokinetic device. The strength deficit (difference between
the maximum eccentric and concentric strengths) of these two movements was found and used to
determine the friction between flexor tendon and pulleys. Under maximal load, friction was respon-
sible for approximately 9% of the holding force (static friction coefficient A = 0.075) during the
crimp grip. Friction showed a clear correlation with the degree of flexion of the PIP joint (being
maximal at a flexion angle of approximately 85°).
5 Rough linear elevations.
Figure 2. Abstracted human finger and its flexor tendons (superficialis and profundus).
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In 2009, Schweizer investigated the influence of a preceding flexion or extension movement on
the static configuration of human finger flexor tendons and pulleys [42]. Using freshly frozen human
cadaver fingers, his experiments showed that while the tendons were statically loaded with 40 N, the
generated flexion torque in the PIP joint was 11% greater if there was a preceding extension movement
than if there was a preceding flexion movement in that joint. This difference has been directly attributed
to the tendon-pulley friction.
Of the many existing models that try to capture the moving behavior of the human finger, most
[1, 8, 23] fail to include friction. Furthermore, the only model that incorporates friction has too many
limitations, making it difficult to examine extensively [41]. It is worth mentioning that some studies
on an abstract frictional two-link tendon-sheath system do exist; however, they are directed toward
creating a controller that compensates for the friction present [32, 33].
Figure 3. The different pulleys in the human finger. Reproduced from [38].
Figure 4. SEM performed on the inner surface of the A2 pulley. The fibers shown are perpendicular to the direction of
movement of the tendons. Reproduced from [50].
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4 Model Definition
Due to the complexity of the tendon-pulley interaction in the human finger, several simplifications
and assumptions have to be made. The finger is statically modeled using Coulomb friction. A dy-
namic representation was not favored, as the difference between a static and dynamic model would
not be very large using the Coulomb approximation. Due to the small masses and dimensions of the
bones, the dynamics (velocity, acceleration, moments of inertia, etc.) become almost negligible, which
again would lead to a static model. Furthermore, for dynamics, the Coulomb approximation uses the
dynamical friction coefficient Ad, on which very little information can be found in literature. We only
model the A2 pulley, as it has been shown to be the main contributor of friction in the human finger
[36, 40]. Additionally, the PIP joint is considered to be friction-free; [41] and [3] state that friction in
this joint is present but very small. Finally, the DIP joint is considered to be stiff and has therefore no
influence on the system.
Figure 5 shows the basic abstraction and the parameters used in this work. A frictionless tendon-
driven finger system with an actuated PIP joint can be modeled as a rigid two-link system, defined by
the free link length (L), the PIP joint angle (B), the free segment mass (m), and the two pulleys a2 and
a4, which define the angle a. The model parameters used are shown in Table 1 and were obtained
from physiological studies of the human finger tendon-pulley system [25, 26]. The segment mass was
arbitrarily set at 10 g, as no appropriate physiological data was found. The model orientation having
the PP perpendicular to gravity was chosen, because it corresponds to the majority of physiological
studies available.
Friction in the tendon-sheath system is modeled using the Coulomb frictional model and the cap-
stan friction equation [24]. As a result, the force required to actuate the now frictional segment is in
addition a function of the friction coefficient of the tendon-sheath system (A) and of the arc angle of
the pulley the tendon is in contact with (a). Before we describe the model implementation in detail,
we will briefly present the friction implementation used for our model.
4.1 Coulomb Friction
The Coulomb friction approximation [31] is used in our model. Though in general the relationship be-
tween normal forces and frictional forces is not exactly linear, even its simplest expression encapsulates
the fundamental effects of sticking and sliding. There are several friction models whose approximations
Figure 5. Human finger and the abstraction used in our model. The distal interphalangeal joint (DIP) is fixed, while the
proximal interphalangeal joint (PIP) is not. The model consists of a two-link, one-joint frictional tendon-driven system.
The metacarpal bone and joint are not modeled.
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incorporate additional effects [30], such as the Stribeck effect, viscous friction, stiction, rate dependence,
and so on. Two prominent examples are Armstrongʼs model [2] and the LuGre model [17, 29].
Considering a biological system (such as the tendon-pulley system of a human finger), the param-
eters these models require are not easily determined. This is one of the main reasons why the Coulomb
approximation is used in our model. This choice does not greatly amplify the imprecisions of the model,
as the human finger does not have many known constant parameters (compared to, e.g., a mechanical
pendulum). Furthermore, the Coulomb approximation applied on a circle segment (which we are going
to see later on) maintains its simple formulation.
The classical Coulomb friction law is a typical example that can be considered as a set-valued force
law. The Coulomb law states that the sliding friction is proportional to the normal force of a contact.
The magnitude of the static friction force is less than or equal to the maximum static friction force,
which is also proportional to the normal contact force.
4.1.1 Sliding
The friction force ET has a magnitude AEN and acts in the direction opposed to the relative tangential
velocity, that is,
x ̇ 6¼ 0 ⇒ −ET ¼ AEN Sgnðx ̇Þ ð1Þ
where ẋ is the velocity of the block, ET is the frictional force, A is the friction coefficient, and EN is the
normal force acting on the block. The Sgn function is defined as
Sgnðx ̇Þ≔
þ1; x ̇ > 0
½−1;þ1; x ̇ ¼ 0
−1; x ̇ < 0
8<
: ð2Þ
It is important to highlight that, while the classical sgn function is defined with sgn(0) = 0, the
Sgn multifunction is set-valued at ẋ = 0 [19].
Table 1. Model parameters.
L = 49.4 mm
m = 10 g
A = 0.075
g = 9.81 m/s2
f = 20 mm
p = 16.6 mm
e2 = 5.2 mm
e4 = 6.5 mm
s = 12.5 mm
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4.1.2 Sticking
Continuing from the above example, if the block sticks, then the friction force must lie in the interval
−AEN≤ ET≤ AEN. Going back to the human finger, normally an eccentric or concentric configuration
refers to a movement. For simplicity, we define an eccentric configuration as a static configuration for
which a posteccentric movement would follow (and similarly for concentric), meaning the following:
Looking at Figure 6, during an eccentric configuration the friction force ET is at its maximum. A slight
push in the right direction would lead to a movement (posteccentric movement), and a slight push in
the other direction would lead to no movement: The friction force ETwould be increased or decreased
(depending on which maximum ET has attained), but the velocity ẋ is still at zero.
4.2 Capstan Friction
The capstan equation, also known as Eytelweinʼs formula [24], relates the holding force to the loading
force of a flexible rope wound around a pulley. If there is friction between the rope and the pulley
surface (and the forces on the two sides are not equal), a frictional force Ff will act on the rope and the
pulley so as to oppose its motion.
Figure 6. A simple Coulomb example with a block.
Figure 7. Capstan derivation from a circle segment.
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As the rope bends over a small segment of the pulley, the tension in the rope will increase from
T to T + dT in an angle of df. The normal force is the differential dN. The frictional force is AdN
and acts to oppose slippage (Figure 7). Integrating over the total contact angle gives the ratio of
the tension forces in terms of the coefficient of friction A and the contact angle a, yielding the
capstan equation:
T2 ¼ T1eAa
4.3 Model Implementation
A simple model which describes the tendon-pulley system in the finger is shown in Figure 8.
The pulleys themselves are not modeled per se, but instead they define where the tendon force
is attached (point 3) and in which direction the tendon force is pointing (point 2). The angle a,
used instead for the calculation of the frictional force ET, is defined by points 2 and 3, and can be
formulated as
tanðaÞ ¼ sinðBÞs þ cosðBÞe4 − e2
cosðBÞs − sinðBÞe4 þ f ð3Þ
Furthermore, the moment arm of F1 w.r.t. the PIP joint is defined as the cross product of the force F
→
1
and its position vector r→03 ¼ r x03 r y03 0
 T
:
MF1 ¼ r→03  F→1
¼
cosðBÞs − sinðBÞe4
sinðBÞs þ cosðBÞe4
0
2
4
3
5
−cosðaÞ
−sinðaÞ
0
2
4
3
5F1
¼ F1 −r x03  sinðaÞ þ r y03  cosðaÞ
 
Figure 8. The abstracted simple model, indicating the parameters used for calculations.
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Taking the moment and the force equilibrium of the system from Figure 8 gives us
X
M : 0 ¼ r→03  F→1 − LFtip − cosðBÞL2 mg ð4ÞX
x : 0 ¼ x0x − cosðaÞF1 þ sinðBÞFtip ð5Þ
X
y : 0 ¼ y0y − sinðaÞF1 − cosðBÞFtip−mg ð6Þ
However, as we are not interested in x0x and y0y (the reaction forces in the PIP joint), it is possible
to use only Equation 4, the moment equilibrium equation.
As a next step, we are interested in the interaction between the pulley and the tendon (see Figure 9).
Equations 7 and 8 describe the system with capstan friction occurring in the A2 pulley. There are
two possible options we can consider: having either Ftendon or Ftip fixed. Fixing Ftendon with a constant
force will give us better insight into the output force at the fingertip, whereas fixing Ftip will give us
better insight into the tendon force as influenced by friction (note that the tendon force in a tendon-
driven robotic or prosthetic hand has to be sustained by an actuator, so it can be looked on as an
actuator force in this situation).
Figure 9. The pulley is modeled as a circle segment to fit the capstan approximation.
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4.4 Ftip Fixed
In a scenario in which the Ftip is fixed, the system equation and the capstan equations evolve as
follows:
Fecctendon ¼ F1  e−Aa ð7Þ
Fconctendon ¼ F1  eAa ð8Þ
where F1 is given by
F1 ¼ 1−r x03  sinðaÞ þ r y03  cosðaÞ
 LFtip þ cosðBÞL2 mg

 
ð9Þ
Note that F1 is the force acting on the tendon in the segmental system, but the friction force has not
yet been considered.
4.5 Ftendon Fixed
Because in the model friction is only present in the A2 pulley, the fixed tendon force Ftendon is
directly modified by the capstan equation:
Fecc1 ¼ Ftendon  eAa ð10Þ
Fconc1 ¼ Ftendon  e−Aa ð11Þ
Furthermore, the equations for what we are now interested in, Ftip (with a given Ftendon), are
Fecctip ¼
1
L
 r→03  F→ ecc1 − cosðBÞ
L
2
mgÞ


ð12Þ
Fconctip ¼
1
L
 r→03  F→ conc1 − cosðBÞ
L
2
mgÞ


ð13Þ
5 Model Validation
Raw physiological data for an experiment involving the static response to eccentric and concentric load-
ing of a human finger was obtained from [42]. For a detailed description of the experiment, we direct the
reader to Section 2 of the above reference. The raw data was processed to produce a graph of Ftip versus
the joint angle f. As the mean physiological parameters of the model presented in Table 1 did not result
in a direct match to the in vitro data (Figure 10), we modified the model by hand to generate a close
match to the physiological data. Since the model is based on physiological parameters, we can make an
informed decision on their dependence to best match the physiological data.
A first fit of the data can be seen in Figure 11. In order to obtain the fit, the following steps were
taken: (1) a force offset of Foffset = 0.7 N was added to the model, (2) the friction coefficient was
modified by a factor factorA = 2.3, and (3) the parameters s, e2, and f were modified by factors factors =
1.063, factore2 = 0.9, and factorf = 0.99, correspondingly.
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The added force offset required could be due to measurement error in the physiological data. We
are not certain why the friction coefficient had to be increased by more than two times. A possible
explanation is that the change is due to additional phenomena that are not accounted for with the
current model. One such phenomenon, modeling tendon bowstringing, is discussed in Section 7.1.
Furthermore, the friction coefficient used originally is based on studies on rock-climbing subjects
[41] and might be a nonrepresentative mean. Finally, could be the case that the A4 pulley signifi-
cantly contributes to friction and needs to be incorporated in the model. The modifications of the
remaining physiological parameters are minimal, and we can assume they are due to the natural de-
viation of this particular finger from the mean values found in the literature.
Figure 10. In vitro data plotted together with the unmodified model. The model parameters, which are mean values from
the literature and presented in Table 1, do not result in an acceptable fit to the human data.
Figure 11. In vitro data plotted together with the model, with its parameters modified by hand to best fit the human data.
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A similar fit was obtained by the following modifications: (1) a force offset Foffset = 0.75 N was
added to the model, (2) the friction coefficient was modified by a factor factorA = 2.2, and (3) the
parameters s and f were modified by factors factors = 1.063 and factorf = 0.9, correspondingly. Going a
step further, we can attempt to obtain a better fit by separately modifying the parameter e2 for concentric
and eccentric contractions. The physiological reasoning is twofold: (1) the A2 pulley is not a rigid struc-
ture [36], and (2) there are differences between eccentric and concentric finger loading. When the finger
is eccentrically loaded, the direction of structural deformation in the A2 pulley will be toward the joint.
As the tendon is bowstringing, this will result in a natural increase in e2. When the finger is concentrically
loaded, structural deformation will be in the opposite direction, resulting in a decrease of e2. Of course,
these would be minuscule changes; they would, however lead to a significant increase in the output
force, as they are directly affecting the tendonʼs moment arm. As seen in Figure 12, e2 changes from
7.02 mm for the eccentric condition to 4.888 mm for the concentric condition, a change of only 2.132 mm,
but with a significant impact on the Ftip force profile for each respective case.
6 Model Behavior
In this section, we examine the behavior of the model with respect to: (1) different tendon-pulley
friction coefficients A, (2) resultant external force-bearing capabilities for a given actuator force, (3) the
resultant actuator force required to hold a given external force, (4) the magnitude of friction force ET
over a range of external forces Fload, and (5) the mechanical advantage of the system,MA= Ftip/Ftendon,
given an external force. These behaviors were examined with the PIP joint angle in the range B =
{0, 110}°. This range was chosen as a good approximation to the range of motion of the human index
finger PIP joint [5]. The base parameters used in all calculations are based on the literature and are as
presented in Table 1 unless otherwise noted.
6.1 Friction Coefficient Variation
The friction coefficient of the tendon-pulley system was examined in the range Af = A ×{0, 5}, for A as
given in Table 1. This choice offers a reasonable selection of frictional coefficients of materials that could
potentially be used for the development of a robotic prosthetic hand with tendon-pulley friction. Even
Figure 12. In vitro data plotted together with the model, with its parameters modified to best fit the human data. The
parameter e2 was modified separately for concentric and eccentric configurations of the model, while all other param-
eters were constant between configurations.
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though Amax = 5A = 0.3750 is much smaller than the frictional coefficient of steel on steel (Asteel =
0.8) [47], it clearly demonstrates the effect of the friction coefficient on the behavior of the system.
Considering a mechanical finger system in which the friction is set to zero (A = 0), the actuator
force is shown in Figure 13, plotted in black. In this situation, the concentric and eccentric curves are
merged to one single curve, and their difference vanishes. Increasing A leads to a decrease in required
eccentric tendon force Ftendon
ecc and simultaneously to an increase in required concentric tendon force
Ftendon
conc , with a constant fingertip force of Ftip = 40 N.
The effect of varying the frictional coefficient Af on the external load that can be sustained, given
a constant tendon force Ftendon = 40 N, can be seen in Figure 14. Increasing Af leads to an increase
in the eccentrically sustained external force Ftip
ecc and simultaneously to a decrease in the concentrically
sustained external force Ftip
conc.
Figure 13. All variations of the frictional coefficient A. Here Ftip is fixed at 40 N. For greater distinction, the frictionless
curve (A = 0 · A0) has been plotted in black.
Figure 14. All variations of the frictional coefficient A. Here Ftendon is fixed at 40 N. For greater distinction, the frictionless
curve (A = 0 · A0) has been plotted in black.
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6.2 Resultant External Load
Figure 15 shows the resulting sustainable external loading force Ftip of the system with a constant
tendon force Ftendon = 100 N over the range of motion of the PIP joint (angle B). The maximum
difference Ftip
ecc − Ftipconc occurs at B = 91° and is 2.1 N. This is a direct consequence of the friction
model used, as the angle a and consequently the arc p of the tendon in contact with the sheath increase
with flexion. Over all flexion angles Bi, the frictional model favors posteccentric over postconcentric
configurations with regard to the external force that can be sustained with a fixed actuator force.
6.3 Resultant Actuator Force
The resultant actuator force capabilities of the model in eccentric and concentric configurations was
examined at the external force extrema. Ftip
min = 0 is used to describe the no-load configuration, with
only the mass of the MP segment used to calculate Ftendon. Correspondingly, Ftip
max is used to describe
Ftendon under a maximum load configuration of 100 N, which has been found to be the mean bound-
ary failure load force of the PIP joint in the human finger [26].
Figure 16 shows the actuator force (Ftendon) that has to be applied under no external force. As only
the mass of the segment has to be sustained at a particular PIP angle B, the required actuator force is
very small. In addition, the differences between eccentric and concentric configurations are minimal,
with Fecc-con
max = 0.0077 N occurring at a flexion angle of B= {30, 40}°. In other words, under low loads,
the influence of friction in the tendon-pulley system is very low and can be neglected.
Figure 17 shows the resulting actuator force (Ftendon) that has to be applied for a 100-N loading
force. The difference between the concentric and eccentric forces is increasing in the flexion angle B.
The maximum difference Fecc-con
max = 25.82 N occurs at a flexion angle B = 91°. Again, as is the case
with the resultant actuator force, this is a direct consequence of our model.
6.4 Frictional Force Magnitude
Figure 18 shows the frictional force ET over the entire flexion range in a static eccentric configuration when
the load at the fingertip (Ftip) is varied between Ftip
min and Ftip
max. The force ET is the difference between
Ftendon and F1 of the pulley model, given a friction coefficient A from Table 1. The frictional influence
increases both with angle and with external load. Further, for loads close to Ftip
max the region of B where
frictional force is high appears to be larger than for lower loads. This indicates a clear benefit of friction
Figure 15. Dependence of external force Ftip for a 100-N tendon force Ftendon on the jointʼs flexion angle B.
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for posteccentric movements under large loading, while at the same time free-air movements, where no
external load is present, are virtually unaffected over the entire range of motion of the PIP joint.
7 Discussion
7.1 Modeling Bowstringing
The model presented above uses a for the frictional pulley angle. The reason behind this choice is
merely to obtain some representative results, as the angle a does slightly increase during flexion of the
finger; however, it does not have any physiological meaning. To assign a physiological meaning to this
Figure 17. Dependence of actuator force Ftendon for a 100-N external fingertip load Fload on the jointʼs flexion angle B.
Figure 16. Dependence of actuator force Ftendon for a zero external fingertip load Fload on the jointʼs flexion angle B. The
influence of friction in the system is minimal, due to the low mass of the finger.
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angle [25], we could define a circle that best fits the four points 1–4 in Figure 19. As the pulley length
p2 at A2 (which can be interpreted as the circle segment on which friction occurs) does not change,
the pulley angle can be defined as
s ¼ p2
R
:
Theoretically, three points are enough to define a circle. However, preliminary results indicate that
using only points 1–3, the fitted circle does not accurately represent the curvature at the A2 pulley.
Therefore, a fourth point (4) has to be included. This leads to an overdetermined system that has to
be solved with a least-squares method, using either an algebraic or a geometric fit.
Figure 18. Frictional force ET over a range of fingertip forces (Ftip) and joint angles (B). The frictional force is maximal
under high external forces and for configurations around PIP angle B = 90°.
Figure 19. The drawing on the left shows approximately what the tendonʼs path looks like, and the one on the right
shows how a circle can be used to represent this path.
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7.2 Characterization of High-Load Configurations and Adaptation to Robotics
There is clearly an advantage of frictional over nonfrictional tendon-driven systems for posteccentric
configurations. However, it is still questionable whether friction in a tendon-driven system is beneficial.
Currently no such postmovement categorization exists in the literature. To create such a categorization,
a task characterization for the given system is necessary. In the case of robotic hands, such a task space
can be defined as the grasp taxonomy of the human hand. There are a number of such taxonomies, with
Cutkoskyʼs being one of the most prominent in robotics [14]. In addition, a different categorization
exists for upper limb prostheses, corresponding to activities of daily living (ADLs), with the Wolf motor
test being widely used [52]. In this case, ADLs would need to be decomposed into an appropriate grasp
class where we could then look for postmovement configurations.
The results of Matsumoto et al. [27] definitely represent a step in a good direction, as they indicate
that the majority of daily life activities are of an eccentric nature. Here we further hypothesize that the
majority of high-load configurations involve posteccentric movements. If this is indeed the case, we
are safe to conclude that friction in a tendon-driven hand system is of great benefit.
7.3 Adaptation to Robotics
Assuming our above hypothesis is correct, two mutually exclusive beneficial optimizations can be per-
formed on a robotic hand system: (1) reducing actuator size or (2) increasing force output.
In the first case, we can reduce the size and weight of the actuators compared to a nonfrictional
system, while being certain that low- to medium-load configurations will not be affected by such a
reduction. Assuming a frictionless model of a robotic hand, the tendon force Ftendon required to
maintain an external load Ftip can be calculated. An appropriate choice of an actuator can then be
made that will satisfy the requirement of maintaining the external load. By simply modifying the trans-
mission system to a frictional tendon-pulley system, as Ftendon
ecc > Ftendon
A=0 , the actuator force capabil-
ities and thus the size can be reduced. At the same time, we still satisfy the requirement of maintaining
the original external force Ftip.
Alternatively, by maintaining the size and correspondingly the force capabilities of a frictionless
system, we can increase the maximum eccentric holding load by incorporating a frictional tendon-
driven system at no expense. Given an actuator with Ftendon able to maintain Ftip for a near-frictionless
system, by incorporating friction in this system, as Ftendon
ecc > Ftendon
A=0 , the Ftip that can now be maintained
is higher.
We can then identify optimal model parameters and their influence on the characteristic behavior
of the system. Potential optimization areas include the size, location, and morphology of the A2 pulley
and tendon material with an appropriate friction coefficient. Going a step further, and noting that
during a low-loaded configuration friction might be undesirable for performance reasons (e.g., posi-
tional precision) while friction under high loads does have a large positive influence in eccentric con-
figurations, we can aim for designing an adaptive tendon-pulley system in such a way that friction is
not present in unfavorable situations. Such a system would be able to exploit friction under beneficial
circumstances and minimize it otherwise.
7.4 Force Output Metric for Frictional Tendon-Driven Systems
The standard metric for characterizing the force capabilities of robotic prosthetic hands involves mea-
suring either the grasp force of the entire hand [9, 16, 21] or the pinch force between the thumb and
(usually) the index finger [11, 46]. As has been described in this article, however, assuming a tendon-
driven robotic hand, what those measurements display is in fact Ftendon
conc , as the friction between the
tendons and the pulleys is not zero. If it is indeed the case that high-load configurations mostly involve
eccentric movements, friction will have a positive effect in such systems. Furthermore, assuming the
above assumptions hold, the actual force capability of such a system for high-load configurations should
in fact be defined by Ftip
ecc, where Ftip
ecc = Ftip
A=0 + ET. The model presented in this study can be used to
identify the frictional influence of a particular robotic system.
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8 Conclusion
The tremendous gap still existing between the natural biomechatronic system of the human hand
and the designs of artificial anthropomorphic hands will occupy the research effort in this field for a
long while. This work provides a frictional model that can be used in the design of tendon-driven
robotic hands, with the main aim of increasing the holding force of such hands for eccentric config-
urations with no related actuator cost (i.e., additional weight or force output). It should further serve
to acquaint the reader with what it means to have friction in a tendon-driven robotic system and what
it means to actually take advantage of this phenomenon.
We presented a two-link, 1-DOFmodel of a tendon-driven finger that includes friction in the tendon-
pulley system and was validated against in vitro human data. Assuming that most hand activities are
eccentric and furthermore that these activities can be highly loaded (compared to concentric activities),
we showed that for these cases friction can be of great benefit. Without increasing the overall weight of
the robotic hand by using stronger and heavier actuators, and only taking advantage of friction, a robotic
hand is capable of increasing its output force.
It is essential to realize a hand activity classification into high-load and low-load activities.
Furthermore, and especially concerning this work, it is of great interest to evaluate the ratio between
eccentric and concentric configurations in daily hand activities. This would give us better insights
into the exact ratio between eccentric and concentric movements regarding high-load activities.
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Bio-inspired friction switches: adaptive pulley systems 
Konstantinos Dermitzakis and Juan Pablo Carbajal 
Abstract— Frictional influences in tendon-driven robotic sys-
tems are generally unwanted, with efforts towards minimizing 
them where possible. In the human hand however, the tendon-
pulley system is found to be frictional with a difference between 
high-loaded static post-eccentric and post-concentric force pro-
duction of 9-12% of the total output force. This difference can 
be directly attributed to tendon-pulley friction. Exploiting this 
phenomenon for robotic and prosthetic applications we can 
achieve a reduction of actuator size, weight and consequently 
energy consumption. In this study, we present the design of 
a bio-inspired friction switch. The adaptive pulley is designed 
to minimize the influence of frictional forces under low and 
medium-loading conditions and maximize it under high-loading 
conditions. This is achieved with a dual-material system that 
consists of a high-friction silicone substrate and low-friction 
polished steel pins. The system is described and its behavior 
experimentally validated with respect to the number and 
spacing of pins. The results validate its intended behavior, 
making it a viable choice for robotic tendon-driven systems. 
I . INTRODUCTION 
Tendon-driven robotic systems are becoming increasingly 
favorable since they facilitate compliance through elastic-
ity [1] and lightweight end effectors [2]. The use of tendons 
allows for designs that can incorporate compliant joints, 
adding safety to systems interacting with humans. Fur-
thermore, tendon-driven systems maintain the end-effector 
inertias and loads independent of the actuator mass and 
location. In the design of these systems, significant effort 
is placed on minimizing effects introduced by tendon-pulley 
friction such as hysteresis, nonlinearities [3] and energetic 
losses [4]–[6]. This can be observed across most systems, 
and particularly in robotic hands, e.g. the Smart Hand [7], 
the Shadow Hand [8] and others [4], [9]. To minimize the 
tendon-pulley frictional influences, Teflon or Nylon coated 
cables and pulleys with ball-bearings are utilized. 
However, in robotic applications, and particularly in pros-
thetic systems, additional counter-acting requirements need 
to be met, e.g. reduced power consumption and low overall 
device weight [9]. In these cases, designing the system 
to be tendon-driven alone is not enough. We argue that 
by studying the biomechanics of the human hand we can 
identify and exploit principles [10] that can be used to 
minimize the introduced trade-offs while still being practical 
for applications in robotics. 
Investigating the tendon-pulley system of the human fin-
K . Dermitzakis is with the AILab, U Z H , Switzerland 
dermitza@ifi.uzh.ch. J.P. Carbajal is with the E L I S Department, 
UGhent, Belgium juanpablo.carbajal@ugent.be. 
ger, post-eccentric and post-concentric1 forces differ by 9-
12% during high-load flexion of the interphalangeal joints. 
This difference can be directly attributed to tendon-pulley 
friction [11] and is beneficial as it enables a higher fingertip 
output force production during a post-eccentric configuration. 
This benefit can be clearly identified if we note the different 
kinds of activities in the context of eccentric and concentric 
configurations. Matsumoto et al. [12] recorded a life-log of 
a healthy person and analyzed it based on the ICF2. There 
is a number of high-loaded activities that are of eccentric 
nature concerning the fingers: (1) carrying in the hands, (2) 
pulling, (3) lifting and (4) putting down objects. Considering 
that these activities compose the majority of daily performed 
actions of a healthy person, summing over 60%, the benefit 
of friction in eccentric configurations is apparent. 
Based on these facts, we question the ongoing principle 
of minimizing friction in robotic tendon-driven systems. 
Friction in the tendon-pulley system of such devices, and 
in particular robotic hands, can be of great benefit for high-
loaded post-eccentric configurations. At these configurations, 
the mechanical device can be assumed to be operating at its 
maximum load. With the introduction of a frictional tendon-
pulley system the device can have an extra fraction of output 
force at no additional motor cost. Alternatively, the motor 
weight can be scaled down (assuming a linear relationship 
of mass-torque [13]) by that same fraction. This reduction is 
possible while maintaining a comparable force output to a 
device with no frictional tendon-pulley system. The latter 
scenario is particularly interesting for prosthetic devices, 
as one of the functional factors of device rejection is its 
weight [14], [15]. 
As such, we have designed a mechanical pulley system 
that switches between a low and a high coefficient of 
friction based on the normal force the tendon is holding. By 
utilizing such a transition, we can ensure that the frictional 
disadvantages of the tendon-pulley system are minimized 
during low to medium loading, while at high loading, post-
eccentric frictional forces are being used to the advantage 
of the actuators of the intended system. Such a design can 
be directly applied to tendon-driven robotic (and) prosthetic 
hands but also to tendon-driven robotic devices that operate 
under similar conditions. 
1The terms post-eccentric and post-concentric configuration will be used 
here to denote a static configuration from which an eccentric or concentric 
contraction would follow if the loading force would be increased or 
decreased by a very small amount respectively. 
2International Classification of Functioning, Disability and Health, also 
known as ICF, is a classification of the health components of functioning 
and disability. 
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Fig. 1. Left: The A2 pulley in the human finger during maximum finger 
contraction. Right: In this configuration the A2 pulley can be modeled as a 
capstan segment. 
Fig. 2. The friction switch. It consists of a soft substrate, shown in light 
gray and grooves (Dg = lmm) for 15 pins over an angle of 89.45°. The 
side support assures that the pins travel axially to the pulley under load. 
II. ADAPTIVE FRICTION PULLEY DESIGN 
The adaptive pulley has been designed after the A2 pulley 
of the human finger as it has been shown to be the main 
contributor of friction [16], [17]. Furthermore, it is modeled 
at maximum finger contraction (Fig. 1). In that posture 
and assuming maximum loading forces, pulley-loading is 
maximum with the pulley taking an elliptical shape that can 
be approximated as a circle segment. A thin grooved layer 
of silicone with a high coefficient of friction is placed on top 
of a rigid ABS shell. This layer serves as the high-frictional 
substrate that the tendon will come in contact with under 
high-loaded configurations. On top of the silicone layer, steel 
pins are suspended in the grooves by means of side supports 
with the bottom rigid material. The side supports further help 
the silicone layer to stay in place when in contact with the 
tendon under motion. 
Under low-loaded configurations, the tendon will only 
come in contact with the pins, and thus the frictional forces 
will be minimal due to the low friction coefficient between 
the two materials in contact. As the external load increases, 
the pins sink in the silicone, which in turn sinks in the 
grooves of the hard shell. This will gradually increase friction 
up to a point where the pins will be fully sunk in the 
silicon, i.e. the high-frictional substrate. At this point, the 
frictional influence of the silicone will be at its maximum. 
There will exist a threshold external load at which point 
there will be a transition between the frictional properties 
of the pins and the frictional property of the silicone. As 
some of the pulley surface is actually occupied by the pins, 
the maximum frictional force observed will always be lower 
than the frictional force developed using only the silicone 
substrate. 
The pins are suspended in place with side supports that 
only allow for axial motion to the circular segment. There 
are 15 grooves, with an inter-groove angle of 5.96°, for a 
total segment angle of 89.45°. The radius of the grooves on 
both the hard shell and the silicone is 0.5mm. The silicone 
substrate is 2mm thick and is a silicone elastomer Sylgard 
184, 50 Shore A. The pins used are tin electroplated polished 
steel and are of diameter Dpin = (0.94 ± 0.01)TOTO. The 
wire used as a tendon is a Carl Stahl stainless steel wire 
rope model Ì78199512. It is coated with Polyamid 12, has a 
radius of 1.2mm and a minimum breaking load of 850ÌV. 
III. EXPERIMENTAL DESIGN 
A number of experimental setups have been used to mea-
sure the system friction of biological tendon-pulley systems, 
with the most prominent being that of Uchiyama et al. 
[18]. We designed a similar setup for testing the adaptive 
pulley system, as seen in Fig. 3. It consists of a fixed two-
pulley system, a linear actuator, a set of weights and a 
load cell. The friction switch is mounted on a screw gear 
system in the center of the setup, between the two pulleys. 
The pulleys are 3D-printed using a Dimension Elite 3D 
printer, have a radius of rp = 22mm and encase industrial 
ABEC-5 608z ball-bearings. They are used for guiding the 
tendon from the loads, over the friction switch and into 
the force sensor. The force sensor is a Me-Systeme KD-
40s, rated for a maximum load of ±100N. It is attached 
to the linear actuator using a two-hook system that allows 
vertical rotation between the sensor and the actuator. The 
linear actuator used is a Firgelli Automations FA-PO-35-
12-6, with a maximum force of 155.58ÌV and an actuating 
speed of 50mm/s. For the experiments performed, eleven 
calibrated weights were used; their values are shown in Table 
I. The weights were attached to the tendon with a safety hook 
that weighs (62.53 ± 0.01) x 10~3 kg. 
The linear actuator is PC-controlled via a TITech SH2Tiny 
microcontroller and a Pololu MD03A motor driver. The 
force sensor has been calibrated with a GSV-11 differential 
amplifier for a full 0-5V scale that corresponds to 0-5Kg 
load. Data is sampled and recorded in real time with a 
sampling frequency of 200Hz and includes (1) forces (2) 
actuator positions and (3) actuator power consumption. The 
control of the actuator is open-loop PWM, and corresponds 
to 47% of the full actuator speed for the initial weight, and 
a 1% increment for every subsequent weight, with a final 
actuator speed of 58% at maximum load. 
To obtain the static frictional forces, the actuator is con-
trolled to move through the full actuator stroke of 15.24cm 
by first extending and subsequently contracting with the 
loads attached. The procedure is as follows: The actuator 
is turned on at the corresponding load speed for 500ms, and 
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TABLE I 
CALIBRATED WEIGHTS AND THEIR RESPECTIVE ACTUATING SPEEDS 
Weight (grams) 
251.2 ± 0 . 1 
503.6 ± 0 . 1 
1003.2 ± 0 . 1 
1503.9 ± 0 . 1 
2005 ± 0 . 1 
2505.4 ± 0 . 1 
3007.2 ± 0 . 1 
3508.6 ± 0 . 2 
4007.8 ± 0.2 
4504.5 ± 0 . 2 
5002.5 ± 0 . 2 
Actuator speed (%) 
47% 
48% 
49% 
50% 
51% 
52% 
53% 
54% 
55% 
56% 
57% 
Fig. 3. The experimental setup consists of the friction switch (center) and 
two external pulleys that are used to route the tendon to the external load 
(left) and the linear actuator (right). 
is then turned off for 3000ms. This is repeated for the full 
actuator stroke, first by releasing the load (eccentric) and 
consequently for contracting with the load (concentric). As 
the control is open-loop, and due to the attached loads, there 
is an asymmetry between the repetitions for extending and 
contracting, with respectively 13 and 30 repetitions per load 
in average. 
To identify the contribution of the silicone substrate and 
the pins alone, the system was tested under all loads without 
any pins attached to provide the characteristic behavior of 
the silicone. Further, a proxy silicone substrate was created 
from ABS plastic, and all three pin configurations were tested 
under all loads to identify the characteristic behavior of three 
pin configurations. These pin configurations serve to verify 
the intended behavior of the system, and are shown in Fig. 4. 
The first configuration uses six pins with a single groove gap 
between them. The inter-pin angle is 5.96° and the maximum 
spanned pin contact angle is 59.6°. The second configuration 
uses three pins with two groove gaps between them. The 
inter-pin angle is 11.92° and the maximum spanned pin 
contact angle is 35.76°. The last configuration uses three 
single-spaced pins, with an inter-pin distance of 5.96° and 
a maximum spanned pin contact angle of 23.84°. For all 
configurations, the respective contact angle of the tendon 
(b) Three pins, double spacing configuration 
(c) Three Pins, single spacing configuration 
Fig. 4. The three different experimental pin configurations with the pin 
positions marked in red. From top to bottom, six single-spaced pins, three 
double-spaced pins and three single-spaced pins. 
with the friction switch is fixed at 63.89°. 
IV. RESULTS 
To extract the post-eccentric and post-concentric frictional 
forces, data is post-processed offline in MATLAB (2009, 
The Math Works, Inc.). All repetitions for each condition and 
load respectively are first super-imposed and then manually 
segmented. The segmented data is then used to calculate 
the means and standard deviations of forces involved for 
each respective load and loading condition. For the absolute 
frictional force magnitude Ffr = \(Fe — Fc)/2\ plots, the 
standard deviation is calculated as Sfr = (se + sc)/2 and is 
used to display a region around the plotted data for clarity. 
A. Empirical friction switching model 
In order to describe the phenomenological behavior of the 
friction switch, we have used a frictional two-link, one joint, 
finger tendon-pulley model that has been show to correspond 
well with physiological data [19]. The frictional tendon-
pulley interaction is modeled using the capstan friction 
equation [20]. In a scenario where the loading force Fi is 
fixed, the system equation and the Capstan equations are: 
Fte = Fi-e-^a (1) 
Ftc = Fre^a (2) 
Where Ft is the tendon force, or in this study, the forces 
observed by the force sensor. Our objective is to describe 
the behavior of a system where there is a smooth transition 
between two materials with different frictional coefficients 
but otherwise identical Fi and a. We can model such a 
transition by using a sigmoid transfer function of the form 
S (Ft) = 1/1 + e-(F»,-Fthr)^ w h e r e pr i s the Fi r a n g e 
949 
86 Appendix C. Bio-inspired friction switches: adaptive pulley systems
F 
- — F fr h 
— F fr 
tot 
| glJÌJ*8 
yS ^. 
•^ÄyjjiJiiÜ^iSi4i " 
Ft (N) 
Fig. 5. The intended behavior of the adaptive pulley system. Given low-
friction (blue) and high-friction (green) materials, the friction of the system 
(red) should transition between the two after some threshold external normal 
force F N . 
of forces where the transfer is happening and F t h r defines 
the threshold (middle) point of the transfer function. By 
combining the frictional force equations of each material we 
end up with: 
Ffrt t = Ffr,(1 - 1/(1 + e ^Fr F""·))) 
o ί 
+(Ffr, 1(1 + e-(Fr-Fthr)\ 
h f / 
(3) 
Where Ffr,, Ftr, are the frictional forces of the low 
ί J ' h 
friction and high friction materials respectively. Such a 
function makes the assumption that the transition happens 
with both material having full contact with the tendon at the 
same time. As this cannot happen with a physical system we 
introduce the weighing factor w: 
Ffrtot = (1 + w)Ffri(l — 1/(1 + e-(Fr-Fthr)y^ 
+ ( 1 — w)(Ffr, 1(1 + e_(- r ~ thr)\ (4) 
The weighing factor is used to simulate the material 
distribution over the pulley surface, under the assumption 
that w < 0.5. The model behavior for a varying Fthr can be 
seen in Fig. 5. For fitting the model to the experimental data 
recorded, all configurations share the following parameters: 
a = 63.89°, μρ = 0.05, μ8 = 0.24. Further, w = 0.2 for the 
six pin and w = 0.1 for both three pin configurations. 
B. Silicone and pin characteristic behavior 
The characteristic behaviors of the silicone substrate and 
pins can be seen in Fig. 6. The silicone has a relatively linear 
behavior against external loads, with a maximum frictional 
force of Ffrmaœ = 12.97N, with a slight curvature observed. 
The six pin configuration produces a maximum force of 
Ffrmaœ = 3 . 935^ . The three double-spaced pin configu-
12 
^Sylgard-184, no pins 
-ABS sim, 6 pins (OD=0.94mm), single spacing 
-ABS sim, 3 pins (OD=0.94mm), double spacing 
HABS sim, 3 pins (OD=0.94mm), single spacing 
10 15 20 25 30 35 
External load (N) 
40 45 
Fig. 6. The individual characteristic frictional force behaviors of the 
silicone substrate and all three pin configurations. The yellow regions denote 
the standard deviations of the absolute frictional forces and are displayed 
for clarity. 
C. Pin configurations 
a) Six pins, single spacing, Fig. 7(a): In the six-pin, 
single spacing configuration, the system behaves similarly 
both with and without the silicone substrate, with a maximum 
friction force of Ffrmaœ = 5.097N. The model parameters 
used for the fitting are Fthr = 5.7N and Fr = {—2,3.5} N. 
b) Three pins, double spacing, Fig. 7(b): The three-
pin, double spacing configuration clearly shows the friction 
transition effect between the pins and the substrate. The 
model parameters used for the fitting are Fthr = Ί.3Ν and 
Fr = {0,5.5} N. Frictional forces behave as if only the pins 
are present until approximately 15.31./V, where the adaptive 
pulley transitions into a high-friction mode, with a maximum 
friction force of Ffrmaœ = 9 .667^ . 
c) Three pins, single spacing, Fig. 7(c): The three-
pin, single spacing configuration displays a transition effect 
that lies in between the two other configurations, with a 
maximum friction force of F fr7J = 8.495N. The model 
ration produces a maximum force of F f frma thr = 5 .829^ . 
Finally, the three single-spaced pin configuration produces a 
maximum force of F f rmax = 5.893N. All pin configurations 
t h r s 
display a non-linear trend of frictional forces based on the 
external load. 
parameters used for the fitting are F t h r = 4.3N and F r = 
{0, 4.9} N . 
V . D I S C U S S I O N 
A. Silicone and pin characteristic behavior 
The observed curvature of the silicone substrate in Fig. 6 
hints towards the existence of a maximum substrate frictional 
force at some load. This is also true on a physical basis, 
as frictional forces of any material are upper-bounded; they 
cannot infinitely grow. However, larger external loads would 
be required to validate whether what we are observing is the 
upper frictional force limit of the silicone substrate in this 
particular case. 
The pin behavior is peculiar in two aspects: (1) fric-
tional forces of all pin configurations are non-linear, with 
a tendency to grow over larger external loads and (2) as 
the number of pins increases, friction decreases. The non-
linear behavior of the pins can be explained as an effect 
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(a) Six pins, single spacing configuration 
15 
10 
10 20 30 
External load (N) 
40 50 
(b) Three pins, double spacing configuration 
15 
10 
0- 10 20 30 
External load (N) 
40 50 
(c) Three Pins, single spacing configuration 
Fig. 7. The results of the three different experimental pin configurations. 
From top to bottom, six single-spaced pin, three double-spaced pin and three 
single-spaced pin configurations. The continuous lines denote experimental 
data and the segmented lines the fitted model. The yellow regions denote 
the standard deviations of the absolute frictional forces and are displayed 
for clarity. 
of the Polyamide coating of the steel cable. The coating 
thickness is 0.25mm and as such at a scale comparable to 
the pins having a radius of rp i n = 0.47mm. As both the 
pins and steel core of the tendon are rigid, we can expect 
deformations happening under load to the polymer coating. 
By increasing the external load, the deformations will be 
larger, increasing the frictional forces against the pins. This 
results in the observed non-linear effect, with visible polymer 
surface deformation with a microscope (20x magnification) 
under extreme loads. 
Furthermore, with an increased number of pins, it forms 
a smooth shape under tension. As the number of pins is 
reduced, the tendon forms into disjointed linear segments 
with discontinuities at the pin locations. These segments 
account for increased friction, as both the tendon and its 
coating have to stress and deform over the pins to overcome 
the discontinuities of the formed linear segments, thereby 
resulting in increased observed frictional forces. This is also 
the reason for the model not precicely matching the pin 
behavior; the experimental observations not only contain the 
frictional characteristics of the pins but also the behavior 
of the tendon coating. In contrast, the tendon coating has a 
minimal influence on the frictional forces observed on the 
silicone; the substrate allows for a much greater deformation 
in comparison to the tendon coating, reducing its effects. 
B. Friction switch behavior 
The observed behavior of the friction switch in the six-
pin configuration suggests that the forces involved are not 
sufficient in producing the intended pin-sinking switching 
effect, with the tendon not making sufficient contact with 
the silicone substrate. In contrast, the three-pin, double 
spacing configuration clearly shows the friction transition 
effect between the pins and the substrate. Of course it is not 
expected that the full frictional effect of the silicone substrate 
will be present, as detailed in Section IV-A, however at 
the maximum tested load, the frictional difference between 
the pin-substrate and substrate configurations is only 27%. 
Finally, the three-pin, single spacing configuration displays 
a transition effect that lies in between the two other configu-
rations. In all cases, larger forces would be required to show 
the full transition effects between the two materials for all 
pin configurations. 
Based on the experimental results, the adaptive pulley 
system behaves as intended, showing a transition between 
low and high friction that is clearly dependent on both the 
number and spacing of the pins. Pins spaced further apart 
lower the threshold force where the switch between low 
and high frictional forces occurs. In addition, the location of 
where the pins are placed is also relevant to how and where 
the transition threshold appears, with pins placed in locations 
where the major tangential forces are involved increasing the 
external force transition threshold. 
In addition to the transition effects, the pins serve a second 
function: they maintain the substrate in place and mini-
mize excessive silicone deformations. During experimenta-
tion with only the substrate, large shearing deformations were 
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observed with increasing loads. This is one of the effects 
that contributes to the large frictional forces present. Due 
to the design of the system, and with the pins in place, 
the substrate is essentially constrained between each pin 
pair. This segmentation allows the substrate to only deform 
between each respective pin pair and thus large, complete 
surface deformations are prevented. This is an additional 
reason of not reaching the full frictional forces present 
with only the substrate; the system limits the mechanical 
behavior of the substrate and in turn modifies its frictional 
characteristics. 
C. System optimizations 
Even though the intended behavior of the friction switch is 
verified, we still need to gain a fundamental understanding of 
the parameters affecting the frictional switching properties: 
(1) transition range, (2) force spread and (3) transition 
threshold. These are (1) pin diameter, (2) pin material, (3) 
substrate groove geometry, and (4) substrate material. We hy-
pothesize that the pin/groove diameter can affect not only the 
transition threshold but also the transition range. Exploring 
alternative pin material can be useful for further minimizing 
the frictional properties of the system at low to medium 
loads. Different substrate materials will play a significant role 
in the maximum obtainable frictional forces at high loads 
and to an extent, also contribute to the transition threshold 
and range. In addition, we need to examine the influence of 
pin diameter to tendon load-life, as the current pin (acting 
as a pulley) to tendon diameter ratio is not optimized for 
tendon endurance. Finally, it would be worthwhile to also 
incorporate the property of directional friction, such that the 
force output disadvantage at post-concentric configurations 
is reduced. 
V I . CONCLUSION 
We have presented an adaptive pulley system that displays 
friction switching at particular external loading thresholds 
based on the number of pins used. This friction switch system 
can be exploited in any tendon-driven device that requires 
asymmetric maximum force production, and in particular 
hands, as it can reduce the actuator size required in achieving 
a specific maximum force. In turn it can reduce the total 
device weight which is a primary functional factor for device 
acceptance. This can be achieved by scaling the actuators 
for the lowest maximum force production required, with the 
friction switch providing the asymmetric maximum through 
its frictional properties. Further, this asymmetry can be 
minimized to negligible levels at lower loads, in order to 
counteract unwanted frictional effects, if so required. 
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Robotic Thumb Grasp-Based Range of Motion Optimisation
Konstantinos Dermitzakis, Andreas Ioannides and Hwai-ting Lin
Abstract— With the thumb serving an important role in
the function of the human hand, improving robotic prosthetic
thumb functionality will have a direct impact on the prosthesis
itself. So far, no significant work exists that examines the
ranges of motion a prosthetic thumb should exhibit; many
myoelectric prostheses arbitrarily select them. We question this
design practice as we expect a significant functional volume
reduction for performing certain activities vs. the maximum
obtainable workspace. To this end, we compare and contrast
four anatomically-accurate thumb models. We quantify their
angular ranges of motion by generating point clouds of end-
effector positions, and by computing their alpha-shape bounded
volumes. Examining the function of the thumb for several
grasps, we identify a 76% reduction of the required workspace
volume vis-a-vis the maximum volume of a ”‘generic”’ human
thumb.
I. INTRODUCTION
The loss of an upper-limb, or part thereof, causes a sudden
and dramatic reduction in the ability of the affected person
to (1) perform certain Activities of Daily Living (ADLs),
(2) sense their surroundings, and (3) causes a major change
to their cosmetic appearance [1]. As such, many upper-
extremity amputees seek to compensate this loss by wearing
a prosthesis. However, rejection rates for upper-limb myo-
electric prostheses are still high [2] and substantial progress
remains to be made in order to achieve an acceptable level
of functionality by the over-whelming majority of prosthesis
users.
The three most common reasons leading to myoelectric
prosthesis rejection are (i) device weight, (ii) unsatisfactory
actuation speed and (iii) lack of durability [2]. The three
most important features which encourage prosthesis use are
(i) the prosthesis’ cosmetic appearance, (ii) ease of use, and
(iii) engineering value, such as the ability to be fitted without
cumbersome straps and device novelty [2]. Over 40% of the
total functionality of the human hand is attributed to the
thumb [3]. Therefore, an improvement in the function and
realism of thumb motions in a prosthetic hand will have a
major effect on the functionality of the prosthesis itself.
In spite of the important contribution of the thumb in
hand motions and gestures, no significant work has been
undertaken on examining the Range of Motion (RoM ) which
a prosthetic thumb should exhibit. Whilst past research has
examined the moment arms and normal forces at each thumb
joint [4], [5], no work has been found which specifically
quantifies the RoM of the human thumb. As such, the
RoM of an actuated thumb on many myoelectric prostheses
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is arbitrarily selected, with the thumb itself also similarly
placed and shaped.
We question this design practice as we expect a significant
RoM and workspace volume reduction for performing dif-
ferent grasps over the thumb’s maximum RoMs. In order to
obtain a quantifiable measure of grasps, a number of specific
thumb motions are used to generate a workspace point cloud
that is then compared to the point cloud generated by the
maximum RoM of the thumb, as found in literature. We
hypothesise that it is possible to reduce the actuated Degrees
of Freedom (DOFs) of a prosthetic limb – in this case, the
thumb – but maintain the RoM that will allow it to perform
these grasps successfully.
II. HUMAN THUMB MODELLING
A. Modelling Tools
a) Denavit-Hartenberg Convention: All modelling
work described herein was conducted using the MATLAB
Robotics Toolbox [6]. The thumb models were created as
serial kinematically-rigid robots, using the standard Denavit-
Hartenberg (DH ) notation [7]. The coordinate transformation
between two consecutive links is defined in a kinematic
chain by a 4×4 homogenous transformation matrix, uniquely
defined by four independent parameters, two distances and
two non-planar angles. The ‘standard’ DH convention defines
the axes at joint (n) in reference to the previous joint (n− 1).
In the interest of brevity, the details of the DH will not be
presented; interested readers are directed to [7].
b) α-Shapes: The simplest measure providing a quanti-
tative comparison of different point clouds is their bounding
volume. This can be computed using alpha-shapes, which
formalise the abstract notion of a shape for a set of points.
For a finite set of points S in <3, and a real constant α ≥ 0,
a set of open-spheres of radius α is produced and fitted to S
so that every sphere is uniquely defined by two points in S
placed on its boundary or mathematically: lim
α→0
Sα = S and
lim
α→∞Sα = convS. A rigorous definition of alpha shapes can
be found in [8].
B. Kinematic Models of the Human Thumb
The thumb is now almost universally regarded as a three-
joint, five-DoF system [4], [9]–[12], with a flexion-extension
(FE ) and an abduction-adduction (AA ) axis on each of the
carpometacarpal (CMC ) and metacarpophalangeal (MCP )
joints, and a single flexion-extension axis on the interpha-
langeal (IP ) joint. Moreover, a number of studies argue that
the thumb axes are non-intesecting and non-orthogonal [11],
[13], [14]. Some research articles consider the CMC and
35th Annual International Conference of the IEEE EMBS
Osaka, Japan, 3 - 7 July, 2013
978-1-4577-0216-7/13/$26.00 ©2013 IEEE 3163
92 Appendix D. Robotic Thumb Grasp-Based Range of Motion Optimisation
MCP joints as orthogonal, intersecting axes [12], [15], ideal-
ising them to universal joints. Such models have been shown
to predict inaccurate thumb tip forces [16], or the abduction-
adduction motion of the IP joint [9].
Further, natural variation within the human population
ensures that no single thumb model can be constructed. Ex-
isting Monte-Carlo simulations have shown that the anatomic
variation of the position and orientation of the thumb FE
and AA axes converges to a multi-modal distribution of four
distinct models [11]. 65.2% of the Monte-Carlo simulations
converge to a model with an MCP FE axis distal to the
MCP AA axis. The other distinguishing difference lies in
the common normals of the z4 and z5 axes.
Fig. 1. The four thumb models as serial kinematic links. From left to right:
Models I, II, III and IV.
The four sets of Denavit-Hartenberg parameters obtained
from Santos et al. [11] were processed in MATLAB, and
produced the robotic thumbs shown in Fig. 1. All models
were developed with a common reference frame as 8-axis,
7-segment serial robots. The additional segments are virtual
and required to properly align the thumb axes under the
DH-convention. The z-axis is axial to the thumb in its
neutral position1. The x-axis is the axis of motion when the
thumb joints are actuated in flexion or extension, with flexion
causing a positive change in x, and the y-axis is the axis of
motion under abduction or adduction, with an abduction of
the thumb causing a positive change in y.
C. Maximum Range of Motion
Many studies provide a definition of the axes of the thumb
joints, but fail to report a RoM about them [11], [13], [14].
A number of different studies provide a measure for the
RoM of the thumb joints, but define the angular RoM either
without providing an explicit definition for the orientation of
the axes [5], or by assuming that the thumb joints are either
2-DoF or 3-DoF joints with orthogonal and intersecting
axes [12], [17], [18].
The ranges of motion reported by Smutz et al. [5] lie
within µ±√σ, as the ones proposed by Cooney et al. [12],
except for the MCP adduction extremum, which is bracketed
by 107% (µ+
√
σ). They are also in agreement with the data
presented in [17]. Comparative RoM figures have also been
quoted by Li et al. [18], except for the RoM of the CMC FE
axis, which is much greater at 63 ◦±9 ◦. This figure is out of
range of all the above-quoted studies, and is not considered
further. Thus, to represent the maximum workspace volume
1The neutral position is defined as having the thumb straight, opposed to
the medial side of the hand, and parallel to the other digits of the hand.
of the human thumb for all four models, the mean ROM for
each joint axis of the above studies will be used (Table II-D).
D. Grasp-Based Range of Motion
Data was obtained directly from Lin et al. [17] for the
RoM needed to perform a number of grasps relating to
activities in one’s daily life. Six grasps were considered: (1)
tip pinch, (2) palmar pinch, (3) lateral pinch, (4) cylindrical
grip, (5) power grip, and (6) spherical grip. The time-
dependent angular data was sampled at 3Hz in the original
study; in order to provide a denser dataset, the original data
was interpolated twice by fit of a piecewise cubic spline to
produce a 9Hz dataset. A piecewise cubic spline fit ensured
global C2 continuity, eliminating infinite accelerations at
the joints, and producing a bio-mechanically feasible trace.
The first zero-valued sampling point in each time trace was
added to assess the neutral position of the thumb and was
not interpolated – hence, a single C1 discontinuity can be
observed in the interpolated time plots. The maximum and
minimum angles of each DOF required to perfom the six
grasping motions are tabulated in Table II-D [17].
Joint Maximum RoM Grasp RoMFlex-Ext Abd-Add Flex-Ext Abd-Add
IP 60◦ to −20◦ — 49◦ to 0◦ —
MCP 60◦ to −10◦ 15◦ to −15◦ 24◦ to −23◦ 23◦ to −6◦
CMC 20◦ to −25◦ 20◦ to −20◦ 16◦ to −8◦ 10◦ to −15◦
TABLE I
MAXIMUM AND GRASP-SPECIFIC ROMS FOR ALL THUMB JOINTS.
With the exception of the maximum MCP extension and
abduction, all reported values for the grasp-based RoM are
bracketed by the maximum RoM. In comparison to the
maximum RoM of each joint, the grasp angular RoM re-
quired is, at worst, 3% (MCP-AA), and, at best, 45% smaller
(CMC-FE). Examining the angular RoM required to perform
the grasps suggests that, in some cases, µ =
√
σ [17].
The variation is thus even greater than what was observed
in studies documenting the maximum angular RoM, where√
σ = 0.5 × µ. To the authors, this suggests that different
individuals may orient their hand in different configurations
for a given activity, and thereby actuate their joints through
different ranges, as a result of physiological variations in
digit length, palm size and so on.
III. RESULTS
A. Maximum Range of Motion
The thumb models were actuated through their full RoM,
in order to produce a point cloud containing all possible
end-effector positions, as shown in Fig. 3. A sensitivity
study has shown that the alpha shape volume generated
with a sampling of 12 points converged to within 3%. This
figure is acceptable, especially when one considers the large
uncertainty characterising the measurement of the angular
RoM of the axes. The probe radius was then selected as
α = 0.5, to produce a smooth alpha shape, assessed by visual
inspection. The alpha-shapes generated for the four point
clouds are shown in Fig. 2. A much-larger probe value would
sacrifice the details in the surface topology in the pursue of
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smoothness, whilst a smaller probe radius would produce
ragged surfaces due the discretised sampling procedure used
in generating the underlying point-cloud.
Fig. 2. Alpha-shapes for all thumb models – Maximum RoM.
B. Grasp-Based Range of Motion
Point clouds were generated using the grasp-based RoM
dataset. Fig. 3 superimposes the grasp over the maximum
RoM point clouds to provide a visual comparison of the
extent of reduction of the optimisation target. Two views are
provided: a view in the xy-plane, perpendicular and proximal
to the axis of the thumb when in its neutral position, and a
3D view. Alpha-shapes were fitted around these sets of point
clouds to quantify the workspace volume swept by the end-
effector of the thumb models when performing the selected
grasps. Table II compares the volumes of the bounding alpha-
shapes for all four models, in both maximum and grasp
RoMs.
Model ID Type I Type II Type III Type IV
V olumeMAX (cm
3) 320 391 517 493
V olumeGRASP (cm
3) 103 106 123 122
Percentage Reduction 68% 73% 76% 75%
TABLE II
ALPHA SHAPE VOLUMES FOR THE MAXIMUM AND GRASP-BASED ROMS.
IV. DISCUSSION
The four models of the human thumb produce similar point
clouds, which indicate that the functional variation in the
RoM in the thumbs of the human population is limited. This
finding is not surprising: individuals with healthy thumbs can
almost universaly perform the most common tasks requiring
hand digit coordination, and therefore one expects that people
with dissimilar anatomical thumb structures would share a
large proportion of their RoM. However, the extrema of
thumb movement are dissimilar between different thumb
models. This suggests that, as is often observed, not every
individual may have the ability to perform a number of
strenuous grips, as a result of thumb overall length or axis
orientation.
Fig. 3. Point clouds for the maximum and grasp-based RoM: Axial (l)
and 3D view (r).
The natural variation in the human population prohibits the
development of a single representative model for the human
thumb. An actuation of the above models about a common
RoM of the axes yields RoMs which are similar in shape. An
attempt to quantify these yields three-dimensional polytopic
shapes which appear similar in shape, but whose workspace
volume can vary by up to 60%. No correlation exists between
the overall length of the thumb and the magnitude of its
RoM; rather, it appears that the orientation of the joint axes
is the defining parameter. The overlap between the RoM of
different thumbs is limited. The modelling work conducted
herein suggests that an individual’s thumb may only be able
to cover 45% of the combined RoM of a general thumb,
leading to the hypothesis that a large part of the maximum
RoM workspace volume of the human thumb is not used
during grasp execution.
The generated alpha shapes feature a convex upper surface,
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and a concave lower surface. This can be visualised sim-
ply by sweeping one’s thumb. Moreover, the alpha shapes
produced only featured an outside boundary. No internal
surfaces were generated, meaning that the human thumb
end-effector is able to access each point in its domain
within a resolution of 10mm. Although the joints of the
thumb models were actuated through the same angles, the
different anatomic structure of the four thumb caused the
swept volumes of the end-effectors to vary.
A. Robotic Thumb Design Implications
The results further suggest that up to 76% of the available
RoM of the human thumb is not utilised when performing
simple activities, such as the six grasps considered here.
This fact introduces the possibility to massively reduce the
workspace volume that a prosthetic thumb needs to satisfy,
bringing a number of advantages. In robotic prostheses,
the reduced angular RoM allows for the use of smaller
output drives (be it pulleys or gears), in turn increasing the
available torque supplied by the motors while maintaining
device weight. The second advantage is the possibility of
optimising a robotic thumb by reducing its actuated DOFs
while still satisfying the grasp-specific thumb end effector
work space; this would reduce the number of actuators
required, further reducing the weight and bulk of a device,
whilst simultaneously increasing its autonomy and reliability.
However, the task of selecting a suitable optimisation
target for the thumb is not straight-forward. All four models
presented represent a certain proportion of the sample popu-
lation. A union of all point clouds yields a workspace volume
of 731 cm3, which is 41% greater than the Type III model
volume, the largest in the selection. This is uneconomical,
with such a union having little anatomic meaning. Simply
combining the RoM of all four models would optimise a
robotic thumb to be capable of mimicking every human
thumb, which is unnecessary.
Instead, satisfying the range of motion of one human
thumb would be a necessary and sufficient condition. This
suggests that any one of the four models representing the
human thumb can be chosen. Type II can be immediately
dismissed, as it only represents 2.2% of the sample popula-
tion. Of the remaining three models, Type III is the best
candidate for the optimisation target, as it generates the
largest workspace volume, and represents nearly one third
of the sample population.
B. Suggestions for Further Work
There are still great disparities in academic research into
the kinematics of the human thumb. Whilst it has been
demonstrated that the revolute axes representing the human
thumb joints are non-orthogonal and non-intersecting, much
of the current work in documenting the RoM of the thumb
joints assumes ideal orthogonal intersecting axes. Moreover,
studies concerning the thumb axes orientation and RoM
are carried out seperately, complicating the attempt to read-
across datasets. This introduces a great deal of uncertainty
into the process of modelling the human thumb. We strongly
suggest that subsequent studies are carried such that the
RoM of the thumb joints are documented about anatomically-
accurate axes.
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Gesture recognition in upper-limb prosthetics: A viability study using
Dynamic Time Warping and gyroscopes
Konstantinos Dermitzakis, Alejandro Hernandez Arieta and Rolf Pfeifer
Abstract— One of the significant challenges in the upper-
limb-prosthetics research field is to identify appropriate inter-
faces that utilize the full potential of current state-of-the-art
neuroprostheses. As the new generation of such prostheses paces
towards approximating the human physiological performance
in terms of movement dexterity and sensory feedback, it is
clear that current non-invasive interfaces are still severely
limited. Surface electromyography, the interface ubiquitously
used in the field, is riddled with several shortcomings. Gesture
recognition, an interface pervasively used in wearables and
mobile devices, shows a strong potential as a non-invasive
upper-limb prosthetic interface. This study aims at showcasing
its potential in the field by using gyroscope sensors. To this
end, we (1) explore the viability of Dynamic Time Warping as
a classification method for upper-limb prosthetics and (2) look
for appropriate sensor locations on the body. Results indicate
an optimal classification rate of 97.53%, σ = 8.74 using a sensor
located proximal to the endpoint performing a gesture.
I. INTRODUCTION
The requirements of (1) manipulation dexterity, (2) sen-
sory feedback and (3) anthropomorphism are pervasive in
the upper-limb-prosthetics field. The past few years have
seen advances that provide satisfactory solutions to the above
requirements. Several current state-of-the-art robotic hands
can approximate the physiological performance and visual
aspects of the human hand. However, as these advanced
neuro-prostheses close the gap with their biological counter-
parts, a bottleneck on the communication interface between
the prosthesis and its user is increasingly apparent. The task
of interfacing users with dexterous prostheses is difficult as
it requires either large-bandwidth communication interfaces
to and from the user, or controllers capable of compensating
for the lack thereof [1].
Human-prosthesis interfaces can be separated into (1)
invasive and (2) non-invasive. The former gather signals
directly from the user’s nervous system, either via brain
implants or via the surgical use of electrodes. Despite their
ability to deliver high quality signals, they involve surgery
and are associated with sterility and rejection issues [1].
The latter are popularly used as they do not involve sur-
gical procedures and thus have no associated physiological
setbacks. Surface electromyography (sEMG) is the standard
non-invasive interface for controlling upper limb prosthetic
devices. Muscle activation potentials are gathered by elec-
trodes placed on the skin. These potentials can then be used
to control a prosthesis, usually by classifying the user’s
intention into control commands. However, sEMG comes
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bundled with several problems: (1) inter-participant variabil-
ity (subcutaneous fat layer thickness, forearm dimensions),
(2) arm posture dependence, (3) electrode displacement, (4)
muscle fatigue [2]–[4], (5) unreliable non-linear methods
requiring a large amount of training data for an accurate
recognition rate [5], [6], (6) electronic equipment noise and
EM radiation [3], [4] and (7) a limited number of classifiable
motions (bandwidth-restricted channel) [7], [8].
It is therefore apparent that research into alternative inter-
faces is needed. While Inertial Measurement Units (IMUs)
are ubiquitously used for gesture recognition in hand-held
devices [9], [10], and are just making their appearance in
rehabilitation [11], there is little to no attention from the
upper-limb research field. We argue that gesture recognition
can serve as either (1) a viable alternative or (2) a com-
plement to existing interfaces used to control an upper-limb
prosthesis, and specifically sEMG classification.
To test the viability of controlling an upper-limb prosthesis
using gesture recognition1, we use a recently-resurfaced
algorithm, dynamic time warping (DTW) [12], [13]. As
DTW is very effective for personalized gesture recognition
with limited training data, inter-participant variability, sensor
displacement and algorithmic complexity are not an issue.
Further, by utilizing gyroscopes, we are ensuring that muscle
fatigue effects and equipment noise minimally affect the
signal space. The only potential limitation of the algorithm
is an upper limit on the number of gestures it can effectively
classify that needs to be tested. Further, if DTW is to be
used as an upper-limb prosthetic interface, optimal sensor
placement locations should be identified. Our hypothesis is
that recognition degradation will be apparent as the sensor is
placed further away from the endpoint performing a gesture.
II. EXPERIMENTAL DESIGN
A. Dynamic Time Warping (DTW)
Dynamic time warping is a dynamic programming al-
gorithm, matching two time-series with temporal dynam-
ics [13]. Given time series L = {Li : i ∈M} and S =
{Sj : j ∈ N} with Li, Sj three dimensional angular speed
vectors, DTW provides a matching cost, calculated by
traversing a so-called warp-path between them. For a de-
tailed description of the algorithm see [12]. Consider a
matrix of distances D between time samples Li, Sj , where
D(i, j) = ‖Li − Sj‖. If C(i, j) the cumulative cost along
1By gesture in this paper we mean free-space hand movements in
3D space. Such movements are, for this definition, usually preceded and
followed by a non-movement period.
978-1-4244-4122-8/11/$26.00 ©2011 IEEE 4530
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

(a) XZ plane setup


(b) XY plane setup
Fig. 1. Seating arrangement for the two plane conditions, XZ and XY. The
height h of the screen was adjusted for each participant individually, while
the endpoint (closed fist) distances to the screen were set to d1 = 10cm,
d2 = 5cm.
an optimal warp-path between the two time series starting
from (L1, S1) and leading to (LM , SN ), then
C(i, j) = min(C(i− 1, j), C(i− 1, j − 1),
C(i, j − 1)) +D(i, j) (1)
Additionally, optimal matching costs are normalized by the
average number of points between the two time series,
Cnorm(i, j) = 2C(i, j)/(N + M). To use DTW as a
classifier, a library of gestures is selected, against which
subsequent time-series are compared. Matching is performed
by identifying the library index of the minimum matching
cost of a time-series, idx = IDX(MIN(Ck)), where k is
the library index of a gesture, and Ck the normalized optimal
cost between library gesture k and a corresponding gesture
S to be tested.
B. Gestures
To identify whether DTW has a restrictive limitation on
the number of gestures it can classify, we used a selection
of 22 distinct gestures. They are divided into two groups,
categorized as artificial (AG) and natural (NG) gestures. The
first group consists of simple 2D shapes (e.g. circle, triangle
and square) modified from the group in [10]. The second
group consists of complex, natural motions from the Wolf
Motor Test [14]. The entire set of twenty-two gestures is
performed on two planes, XZ and XY (Fig. 1) and two
movement conditions: free-arm (NS) and with a donned
prosthetic socket (S) created by Uniklinik Balgrist, Zurich
and modified for right-hand use by non-amputees. The socket
with the prosthesis weighs 1141g, and imposes a motion
constraint on all DOFs of the wearer’s wrist, including
pronation and supination occurring at the distal radioulnar
joint. A tendon-based prosthetic hand [15] is attached at the
distal end, configured to a closed fist.
1) Artificial gestures: The artificial gestures are displayed
as the first four primitives shown in Fig. 2. Each primitive
defines a set of two gestures: a clockwise and counter-
clockwise motion traversing the gesture path2, with the red
circle defining the starting point. They collectively define a
(a) Circle (b) Triangle (c) Square (d) Hourglass (e) NG
Fig. 2. Starting condition of gesture primitives used in this study. The red
disc on the natural gestures (NG) primitive is provided as timing information
to the participants.
total of 8 gestures per plane.
2) Natural gestures: The fifth primitive shown in Fig. 2
defines two gesture sets. The first set consists of an endpoint
movement from mouth to target and reverse (MT ). The
second consists of an endpoint movement from rest (arm is
resting vertically with the forearm held horizontally, parallel
to the right femur when sitting) to target, and reverse (RT ).
They define a total of six gestures (4 for the XZ plane and 2
for the XY plane). The RT gesture set was not used on the
XY plane due to the close proximity of the rest and target
areas.
C. Experimental procedure
Six right-handed, healthy participants (three women and
three men) with an average age of 29.3 years (σ = 3.39,
range 26 − 35) took part in this study. All participants
provided their informed consent under the approval of the
Swiss Ethics Committee before the experiment.
Three body regions of interest were identified: the right
upper extremity, the upper back and the head. Looking
for representative body segment movements during gestures,
five locations were chosen for the sensors (S1-S5): (1) the
wrist, (2) the lateral epicondyle area of the humerus, (3) the
supra acromion bursa (region of attachment between scapula
and clavicle), (4) the T1 vertebrae and (5) the forehead, as
seen in Fig. 3. Sensor 1 measures forearm movement and
sensor 2 upper arm movement. Sensors 3-5 were used to
identify whether respective scapular, upper-back and head
movements are involved in upper limb motions. The sensors
used are the LPR530AL (pitch and roll) and LY530ALH
(yaw) gyroscopes, having a scale of ±300◦/s. Sensors placed
in the wrist and forehead were secured using a self-adhesive
Velcro-style band. The remaining sensors were secured using
double-sided adhesive tape. Data was acquired using a NI
USB-6255 data acquisition device and NI LabVIEW, with a
sampling frequency of 100Hz.
Following sensor placement, participants sat in front of
a screen displaying the gestures to be performed, with no
object in their peripersonal space constraining their motion
(Fig. 1). A User Interface (UI) program was developed
in Java for displaying the gestures to be performed on a
screen. The participants tracked a red circle moving along the
corresponding gesture path on the screen (where applicable)
using their right arm. Ten trials per gesture were performed,
2For the hourglass primitive, we define clockwise motion as the path
taken by traversing the diagonal first, and counter-clockwise motion the
path taken by traversing the lower horizontal first.
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Fig. 3. Gyroscope sensor placement. Five gyroscope sensors were used
(S1-5). Body visualization is c©Google.
TABLE I
DTW RECOGNITION RATES (%) FOR EACH SENSOR (S1-S5) AND EACH
MOTION CONDITION (NS, S)
NS S
x˜ x¯ σ x˜ x¯ σ
S1 100 94.98 12.89 100 93.54 14.23
S2 100 97.53 8.74 100 96.04 10.39
S3 100 90.16 19.12 100 89.46 19.42
S4 88.89 81.93 22.79 88.89 80.44 24.29
S5 66.67 64.20 28.21 66.67 60.40 30.01
with all gestures having a cycle frequency of 1.5Hz with
an inter-trial rest period of 1s. The gestures were performed
without the socket, on the XZ plane followed by gestures
on the XY plane (Fig. 1(b)). Once the complete set of 22
gestures was performed, there was a five minute break, after
which the socket was donned on their right arm. They then
performed the gesture set with the socket, first on the XY
plane and then on the XZ plane. The total experiment time
was one hour per participant.
III. DATA ANALYSIS
The Matlab statistics toolbox was used for our statistical
analysis. Data was first pre-processed using a two-pole
butterworth, 25Hz, zero-delay, low-pass filter. Following,
DTW was used to calculate recognition rates for each gesture
against a library consisting of a single sample of all 22
gestures. As we are interested in individual participant recog-
nition, gesture samples from a participant are used to provide
libraries and test samples for that participant. To further
improve the statistical significance of our analysis, bootstrap
estimation was used [16]. For each participant, each move-
ment condition and each sensor, for test i, i = 1–10, we
use the ith trial of each gesture to build a library consisting
of 22 gestures. The remaining trials of that participant are
classified against this library, resulting in a total of 600 tests.
Each test produces a confusion matrix of DTW recognition
rates, with the diagonal indicating the actual recognition of
each gesture, providing a total of 1320 samples per sensor,
per movement condition.
Our analysis consists of identifying statistically significant
differences for two categories: (1) socket vs. no socket
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Fig. 4. DTW recognition rates by sensor and movement condition. Outliers
(crosses) are points further than ±2.7σ from the mean. Whiskers extend to
the most extreme value not considered an outlier.
and (2) between-sensor recognition rates. As our sample
distributions are not normal (Kologorov-Smirnov (KS) test,
p < 0.05), the Quade test is used on the averaged recognition
rates over all trials and gestures. Averaged distributions are
similar except sensor pair 3-4 for the NS condition (KS test,
p = 0.02597). To account for possible α accumulation of
pairwise comparisons, we select a new minimum significance
level α′ = 1− (1−α)(1/m) where m is the number of tests
and α the employed level of significance, α = 0.05.
IV. RESULTS AND DISCUSSION
Table I shows the median (x˜), mean (x¯) and standard
deviation (σ) of the recognition rates for each sensor and
each motion condition. A box plot of this data is shown
in Fig. 4. Results for the (1) socket vs. no socket and (2)
between-sensor recognition rate comparisons are presented
below.
A. No socket vs. socket
For each of the five sensors, we identify no statistically
significant differences between the NS and S conditions,
with the smallest p = 0.1187 identified on S1. The lack of
significant differences between the two movement conditions
is a desired phenomenon. It indicates that the altered motion
dynamics and enforced motion constraints present with the
donned socket do not influence the DTW recognition rates
for our gesture set.
B. Sensor differences
For the NS condition, statistically significant differences
are found between sensor pairs S1-2 (p = 0.005934) and
S2-3 (p = 0.005934). The differences in pair S4-5 are
marginally insignificant (p = 0.0254) while on pair S3-
4 are not significant (p = 0.2863). For the S condition,
significant changes are found only between sensor pair S4-5
(p = 0.005934). The difference in pair S2-3 is marginally
insignificant (p = 0.02615), and in pairs S1-2 and S3-4 not
significant (p = 0.2863 for both pairs).
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The differences found between sensor pairs for the NS
condition reinforce our sensor placement hypothesis. In gross
terms, DTW recognition rates drop when moving away from
the endpoint performing a gesture. This is not however the
case for sensor pair S1-2, where S2 seems to provide better
recognition rates. We cannot, at this moment, attribute this
observation to any effect; further experimentation is needed.
For the S condition, large variability is present in all
sensors, which would explain the lack of statistically sig-
nificant differences. Recognition rate variability also seems
to increase as we move away from the endpoint performing
a gesture. At this point, we cannot fully identify the source
of this variability. A known phenomenon in neuroscientific
literature, optimal feedback control [17], where joints distal
to an endpoint movement display an increase in position
variability could potentially be the source. We should also
consider the simplest explanation; the head and trunk are
simply not consistently contributing to our gesture set, i.e.
they are not actively used.
C. Applicability to upper-limb prosthetics
DTW classification using a gyroscope is a viable method
for controlling an upper-limb prosthesis. For the library
chosen, recognition rates for the upper-arm sensors are very
high, both with and without the socket. While current sEMG
systems can guarantee reliable classification of up to six
classes [7], the number of gestures used in this study show-
cases the potential of the DTW algorithm in this context.
A second advantage over sEMG systems is apparent from
the natural gesture sets used. Using DTW classification,
controlling a prosthesis to grasp an object would stem as
a direct consequence of a contextual user behaviour, e.g.
an intuitive reaching motion such as the rest-to-target (RT )
gesture. In contrast, to achieve a similar result using sEMG,
a multiplicity of sensors would have to be employed, with
a large volume of training data needed and questionable
classification rates.
As such, we propose to either (1) implement DTW
classification as a stand-alone control scheme, substituting
sEMG classification, or (2) create a hybrid control system
incorporating a multitude of interfaces. For some tasks,
actuating the hand while keeping the limb still is required
(e.g. typing). For these types of tasks, a hybrid sEMG and
DTW classificator could be better suited. At the same time,
such a hybrid controller could see a potential increase in
classification rates, difficult to obtain with a sEMG interface
alone.
V. CONCLUSION
In this work we presented DTW gesture recognition in the
context of upper-limb prosthetics using gyroscope sensors.
As a substitute to sEMG classification, it not only effectively
negates problems commonly encountered, but also serves
as an intuitive human-prosthesis interface. High recognition
rates and direct access to contextual information, in conjunc-
tion to minimal computational costs and minimal application-
dependent issues make it a key method that is yet to be fully
exploited in upper-limb prosthetic research.
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